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ABSTRACT 

The High-Bfficiency Crystalline Silicon Solar Cells Research Forum was 
held on July 9-11, 1984, in Phoenix, Arizona. The Research Forum addressed 
high-efficiency concepts, surface-interface effects, bulk effects, modeling 
and device processing. 
sessions, which focused on the state-of-the-art of device structures, 
identification of barriers to achieve high-efficiency cells and potential ways 
to overcome these barriers. 
encourage interaction and discussion among participants. 
areas of future research are presented in these Proceedings. 

These topics were arranged into sir interactive 

The Forum arrangement was intended to enable and 
Promising technical 
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The High-Efficiency Crystalline Silicon Solar Cells Research Forzm 
was held at The Pointe Hotel in Phoenix, Arizona July 9 through 11, 1984. It 
is my pleasure to introduce to you the papers contained in these Proceedings. 
All of the papers were invited (not submitted) from tne best of a wealth of 
suggestions put forward and discussed by experts in the field and the 
Organizing Committee. 

The objectives of the Form were to address theoretical solar cell 
conversion efficiency limitations, the state of the art of device structures, 
identification of barriers to achievement of high-efficiency cells, and 
potential ways to overcome the barriers, and to provide the opportunity for 
unrestricted technology exchange among those attending. The format used to 
achieve these objective; involved six intensive sessions. 

The discussion sections have been edited with the intent of 
enchancing the clarity and continuity of each discussion. 
makes these Proceedings a most valuable reference document containing 
definitive work by some of the best solar-cell experts in the world. 

This procedure 

This excellent collection of papers, and the success of the Research 

I wish to record my gratitude to the Organizing Committee, the 
Forum it reports, result from the efforts of a large number of dedicated 
people. 
authors, the session chairmen, and many other supporting people for their hard 
work and friendship. f 
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Ram Kachare, 
Chairman of the Forum 
end Proceedings Editor 
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INTRODUCTORY REHARKS 

KOLIUAD: My name is Kris Loliwad. I am from the Flat-Plote Solsr Array 
Project. 
on High-Efficiency Crystalline Solar Cells on behalf of the PSA Project 
at the Jet Propulsion Laboratory, and of the Departlaent of Energy. 
you go through the agenda, you will notice that this is indeed an 
Gmpressive gathering, and we are fortunate to have you at this meeting. 

It is my pleasure this morning to welcolse you all to this Forum 

If 

I will say a few words about the driving force for this Research Forum 
and the other Ressarch Forms we have held covering different subjects 
relevant to our Project objectives. 

The driving force for this workshop is, of course, the goals stated i n  the 
Five-Year Research Plan of the Department of Energy, which succinctly 
states that the five-year goal of flat-plate collector research is to 
establish technologies by 1988 that indu:try can apply to the production 
of 15%-efficient crystalline silicon modules. Among other things, this 
goal is coupled with $90/mZ silicon sheet. 

1 
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PRINCE: I want to thank the organizers for invitii. = to attend this meeting. 
It has given me an opportunity to get back and read some of the literature 
again, which I haven't done as thoroughly, perhaps, a8 I should have done 
during the last few years. In fact, I have here a whole stack of reports 
that indicate that high efficiency is extremely fnteresting to tmng of us 
here - -  and I see that many of the authors of these raports are here 
today. There are a few who are not here, but I am sure that if we need 
them we can call upon them for some help. 

Before getting into our program, I thought I should sake a couple of com- 
ments to you about the 1985 budget, which many of you are concerned about. 
Two weeks agol Congress finally got together and compromised on the 
reconmendations from the Appropriations Comaittee. They compromised by 
going to the lower of the two numbers between the House and the Senate. 
So this puts us in a bind this coming year. The Administration asked for 
$47.5 million, and the House agreed to the $47.5 million with a provision 
that $2 million of that be spent on the Residential Experiment Stations. 
The Senate, on the other hand, took what we presented and upped it by $4 
million, which would include $2 million on the Residential Experilsent 
Stations. So the net result is that we have a Program operating budget 
of $46.5 million, a capital-equipment budget of $1 million, and a con- 
struction budget of $9.5 million for the SLND project. So we are going 
to end up with 3bout $2 million less than we had expected from the 
President's budget, and this is putting a squeeze on all three of the 
main laboratories, that is, SERI, Sandia, and JPL. We are working this 
out now trying to find out how we meet our budget, how we perhaps extend 
contracts into the next fiscal year so we don't have to reduce as much we 
might have to. 
tories over the next six months as we keep revising the budget and we 
will finally end up by the first of October or the first of November with 
a final budge:. 

You will hear more about that from the various labora- 

This session will run until 11:55. We have three speakers, and this will 
give us plenty of time for discussions, questions, answers, and other 
comments that anyone wants to make. 

I was originally going to start off the session with a historical review 
of the efficiency problem, where it started and where it is going, but on 
reading the abstracts, I see there are a couple of other papers on the 
subject, so I am just going to let those speakers cover it. 
has a little bit in his and Martin Uolf has some in his abstract. So I 
thought what Z would do today is give some general background so that 
those people who are not familiar with solar cells specifically, and there 
are several in the audience, would have a reference point as to what the 
terminology is that we use. 

Joe Lindmayer 

Perhaps we can establish some terminology 

I 
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that will allow us to talk cons,stently during the next three days. 

On the first slide I show a general schematic of how the solar cell is 
c q s e d ;  we have the material to start with, the diffused emitter or a 
p-n junction, and for this particular diagrem I assumed n-on-p material. 
You put contacts on the back. We usually have some sort of an oxide on 
the top surface and an antireflective coating. 
of a grid metal contact. 
fused 3r anitter region, and d is the thickness of the device. 

We usually have same sort 
I used the dimension w as the depth of the dif- 
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FACTORS AFfTCnNO ffF/C/€NCY 

MECHANICAL FACTORS 

Depth of Junction (w) 
Tbiches3 of wafer (d) 
Seriea R&arrce (contact g e o m e t d  
Front Surface Aopghaees Qight trappind 
Contact Shadowing 
Operating Temperature 

DEVICE FACTORS 

Surface Recombraa . tion velocity (front 
back, under contacts) 

R e n e  bclr su~face 
AR coaling 

High Eg Window (oxide. etd 

Seriea R e a i s t i u c e  

shunt Resistance 
Reverse Saturation Cuxxent 

(1,) 

I hope this will give you some idea of the complexity of the problem. 
can see that there are so many variations possible, and many of us have 
worked on a whole bunch of these, but t.o my knowledge very few of us have 
looked at the overall picture. In review of the abstracts, there are a 
couple of papers there that do cover a huge number of these parameters. 

I 

That gives you some background and X would like to get started with the 
three talks today that we have in this session. We have only one limita- 
tion, and that is that we want to break around 11:55 because we have a 
very n a r r w  vl'naow for lunch. In this pQriod we will be very flexible in 
the time t h a t  we use for presentations, and for questions and answers, 
and I hope we will have quite a few que~tions and answers from the floor. 

We have asked Joe Lindmayer to give us the first paper this morning, 
because Joe made a major contribution in the space program back in the 
late 60's and he developed a purple cell that gave us a etsp-function 
increase in the efficiency we can get with space--type cells. He is going 
to talk to us on a historical perspective of barriers to achieving high- 
efficiency silicon solar cells. Joe founded and is still with the Solarex 
Corp. in Rockville, Haryland. 
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J .  Llndmayer's abstract is presented here. His paper and v-sua1 material were 
not presented for publication. 

HISTORICAL PERSPECTIVE OF BARRIBRS TO 
ACHIEVIlYG HIGH-EFFICIENCY SILICON SOLAR CELLS 

3. Lindmayer 

Solarer Corp. 
Rockville, Haryland 

N85-31616 

Early silicon solar cells were made of metallurgical-grade silicon with very 
low efficiency; this was accomplished before the p n  junction theory was 
understood. The single-crystal silicon introduced in the rid-50's abruptly 
increased the efficiency to the 5% to 10% region. Throughout the 1960s 
significant research money was spent to establish the technology of the 
2 x 2 cm or 2 x 4 cm space solar cell with 10% efficiency. 
certain plateau has developed. 

At this point a 

In the early 1970s work related to the violet cell upset the status quo and 
space solar cells and cells in general became significantly more efficient. 
The rest of the decade became characterized by establishing a terrestrial 
photovoltaic technology to support the developent of a new industry. Costs 
per watt became the dominant consideration and frequently the efficiency was 
compromised. This mentality is present even today as the terrestrial 
photovoltaic industry continues to develop. Attempts to introduce new 
materials and other f o m s  of silicon dropped the efficiency and it is now a 
state of mind that accomplishing 10% efficiency with some alternative 
combination is regarded as success. 

Silicon solar cells are clearly capable of delivering efficiencies much 
greater than 10%. As the photovoltaic industry will show signs of 
stabilization, the attention will once again focus on achieving the 
manufacturable higher efficiency solar cells. 
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DISCUSS ION 

PRINCE: As everyone here knows, you have been very forthright in pursuing 
semicrystalline silicon, and I am just wondering what your feelings are 
as to the ultimate potential efficiency that one can obtain from such 
materials? Have you given much thought to this? 

LZIDMAYEB: 

3 t=bizab@* anybody who works with it will know that it creates a 

I think that very frequent15 tL.a efficiency is somewhat lower than 
a1 Czochralski material. In getting into this kind OP 1 qing- 

whole set of new unanswered questions. 
a little bit, aaybe just 5% or l a ,  lower than normal single crystal at 
this time. 

But I think the efficiency is just 

LBSR: Joe, in Kris Roliwad's introductory remarks, he indicated that the 
objective was 15% efficiency in a module it wasn't on the slide - -  but 
then he said the price has got to be a lot lower than it is now. 
price projects to $90/m2 of substrate in the module, if you allow per- 
haps half of that €or the cast polysilicon substrate. 
will ever get to that price, considering that we still lack 15% 
eff iciencj? 

His 

Do you feel it 

LINDHAYBR: This is a difficult question. Right now I think we are running a 
gap to start with. 
better-educated people in the production lines and among those pur' 'ag 
production iineo there is a gap of maybe 12% to 13% already and that 
15% would be possible to achieve. 
lab and generate solar cells that are 15% or better. 
production line never does it. So I think the 15% goal is achievable, 
definitely in the lab, anyway. But production is something else. 

I think if we had much better oersonnel, or much 

After all, many of us sit down in the 
But somehow the 

PRINCE: I think we should bring up one other point before we go m. In order 
to get this 15% module that Rris mentioned, we need to have celis that 
are about 18% efficient because you have losses in assembling these cells 
into the module, and covering the module with some protection, and lost 
area, and so forth. So when we talk about 15% modules, it means about an 
10% cell in production, which may mean a 20% cell or a 21% cell in the 
laboratory. I do remember from an early experience that if you can do it 
in a laboratory, you can transfer to very good production people, then 
you can then produce exactly the same quality in the production line. 

LItdDHAYPR: Yes. This is an important point. A 15% panel efficiency requires 
very much higher-efficiency cells. 

LOPBRSKI: I am surprised :-.hat you are saying that the problem is with the 
education level of peoL>le on the production line. It seems to me that if 
you have a good production line going, it has to be do-able with all the 
kinds of people that you have presently on production lines, basically. 
If you want to hold the price down, you can't have Ph.D.'s making solar 
cells, so I think it is not in the education of the people but rather in 
the industrial engineering that is involved or in manufacturing engineer- 
ing, carrying things from the laboratory into production. We have to be 

c 
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able to make that transition. After all, when A m i e  asked you about the 
price at that 15% module efficiency, $90/d, it means $0.60 per peak 
watt and we can't even make the current X% efficient cells at $0.60 per 
peak watt, so there is a lot to be done; there is a big gap between where 
we are now and what is required by 1988. 
comwnt on this business of who is on the production line now. I am 
surprised at that cumment that you need better people. 

But anyway, I would like your 

LIMDMAYBR: Well, I was merely referring to middle management. True Ph.D.*s 
cannot run a oroduction line. 
cating that there should be more Ph.D.8 on the production line. 
workers themselves do routine work, so it is the middle management in 
technical capacities that is really missing. But with respect to the 
other goal, getting down to $90/&, I think it is going to be hard. 

DYER: It is interesting that itr the early 19508, when Hark Shepard was head 
of Texas Instruments' production of semiconductor devices, he wrote an 
article, "Ph.D.'s on the Production Line," and the results are evident. 
I think what you are saying, Joe, is that in the early stages, that is 
what you need. Once it becomes 8 mature product, you can't afford it. 
But to get it going right, there is nothing wrong with it. 

Taey have never succeeded. I am not advo- 
The 

PRINCE: Are there any other questions? Yes, Gene. 

RALPH: Joe, I think I see a conflict between what you practice and what you 
preach. 
definite feeling that making something cheaper means going to simpler and 
less sophisticated approaches, and I put the contacting systems, the use 
of the Semix type of materials, in that category. You give away effi- 
ciency in the hope of getting lower--cost processing, and of getting 
immediate gains that way. But you say now that you agree that the 15; 
modcle goal is really the right thing to go to. Now, it sounds to me as 
though your middle management or even your top management has to be edu- 
cated then in the difference getting inmediate cost gains by going to 
simple, cheap processing that gives you lower efficiency, versus very 
sophisticated processing that has to be automated or robotized or whatever 
it is to get the cost down. 
would see manabement -- see rnat new approach to 15% being the right way, 
or are we going to go back to the old way? 

Not just you but other companies as well. I think there is a 

Are you saying that you are ready, or you 

LINDMAYBR: Any technology change results in some efficiency drop but can be 
wnediately observed as climbing up again in time as people begin to 
master that technology and understand its details. So sometimes it is 
very difficult to tell in advance that a technology change is automati- 
cally compromising efficiency. I think it is Just a philosophical point. 

MILSTBIN: I would like to comment that in the way our high-efficiency program 
has been conducted over the past year or two we have not, as we stated in 
the RFP that we issued in 1982, considered the matter of cost reduction. 
That is something that we feel is best left to industry. The point of 
doing that, though, io that it allows a researcher to investigate tech- 
niques that at the present time may be extremely expensive, but that 
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may lead to understanding or additional capability. 
re-engineered or reconfigured in some way to be done for less expense at 
the time you want to put them into production. 
ception of artificially holding d o m  the cost, if you apply it to 
research, may simply prevent you from looking at techniques that you 
would otherwise be able to examine. You may miss something. 

They then may be 

In that sense, the con- 

LIISDMAYER: I don't think we have any real conflict here. Dr. Koliwad 
carefully put the emphasis on the cost because, as the industry is now, 
industry has put in more private money than the government has put into 
this program. And it is going to be doing more of this. 

LANDSBERG: The discussion has prompted me to ask you a question, Mort, about 
the DOE program. 
efficiency. Why not just give the $90/m2? Why is the efficiency con- 
straint given bs  we114 I mean, you have a very cheap amorphous cell that 
does better than $90/m2 but is less than 10% efficient. 
say about that? 

You mentioned two figures, the $90/m2 and the 15% 

What do you 

PRINCE: It is very straightforward, Peter. If you have a 5% cell versus a 
15% cell or module, you need three times the area; the land cost, the 
wiring cost, and so forth. There are many other costs that go up, and 
that is why you need the combination of both parameters. 

LIMILIAYER: I also believe, if I could add to this, that maybe it is more 
appropriate for W E  to set up technology and scientific goals than R&D 
goals and economic goals at this point in time. 

WOLF: Joe, you mentioned that it is often advantageous to introduce a somewhat 
cheaper process and take a loss in efficiency, and the efficiency may come 
back as we gain experience. This in some cases may happen. On the other 
hand, the opposite can also easily be the case: you move a step to higher 
efficiency, but at a higher cost, and then you are learning as your pro- 
duction teaches you how to do this more and more cheaply. In fact, it 
seems to me if you go the other way, you also hive to be very careful in 
evaluating whether the cheaper process does not have a limit that doesn't 
permit you to get back more efficiency. 
screen printing. You use relatively expensive metals, but you never get 
low resistivity, you always end up with a higher resistivity in the center 
of materials, it seems. So you have a penalty. It seems you cannot get 
through narrower lines with the screen printing process than you can with 
some other processes. 
it would give me a cheaper process, but I don't see where it can get me 
back to the higher ecficiencies. I think you have to evaluate it care- 
fully before you make a decision of this sort. 

You mentioned metallization 

You may have to - -  toward the beginning - -  say yes, 

LINDMAYLR: I agree with you that there are two sides of this equation. 

5 
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PRINCE: I think we have to be careful that we don't get off into the cost 
aspects of silicon cells and modules. This meeting is about efficiency, 
so unless you have a specific question relating to efficiency and not 
cost, please hold them for a discussion during the cofEee break. 
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SCHVUTTKB: Joe, I would like to pick up on that cement you made, that we need 
better education in manufacturing. I look at it in a different way. I 
don't think we really need better education in manufacturing. 
confronted by a situation where you have relatively, and I say relatively, 
little or indifferent education on one side, and on the other side, the 
Ph.D. side, we have relatively too much education. You really are con- 
frontctd with a problem; you are dealing with two different types of 
people, and this is the problem you have. It is a comunfcation problem; 
the manufacturing guy does not respect the Ph.D. guy, the Ph.D. guy does 
not respect the manufacturing guy, so what you end up with is the follow- 
ing situation ( I  have seen this over the years over and over and over 
again): you have two effoi'ts running parallel and these two characters 
never talk to each other, the manufacturing guys want to outdo the 
Ph.D.'s, and the Ph.D.*s want to outdo the manufacturing people. 
what we need is not better education; we need better conrmunication, and 
that could save us an awful lot of money. 

We are 

I think 

LINDHAYLR: Very good point. 

SIRTL: Mort, I come back to your conrment about "let's not talk about economy, 
let's talk about high efficiency." I think it can be a dangerous atti- 
tude, at least in part, because an 18% solar cell, even in space tech- 
nology, is not reality today on a 10 x 10 cm2 substrate, and if we talk 
about the best we could do about making high-efficiency cells at present, 
we have to talk about fb8t-zUAAe material. It may be very nice to explore 
the best material available - -  some mechanisms we don't understand - -  but 
I think we should be careful not to emphasize too much that kind of in- 
vestigation alone. 
would not be a good material as a bLsis for economical production, so we 
may be forced to switch too late to other systems that ofter a much more 
economical background for making the solar cells. I just wanted to bring 
up that point becnuse the float-zone defect situation, for instance, is 
much different from any kind of polycrystalline material or whatever else 
you may choose. 

After all we have learned to date, float-zone material. 

PRINCE: You have a very good point there. In fact, I talked with Ted Ciszek 
specifically about this problem: can we produce float-zone material at a 
similar cost to Czochralski material; he has given me some positive indi- 
cation that it is possible. I don't know whether we should make comments 
about this at this time, or later. 

SCHUWACHER: I would like to know if anyone has ever built a module that would 
give you 15% efficiency regardless of whether it was done by Ph.D.'s or 
who have you, and if not, why wouldn't that be a good objective -- just 
to assemble the best team you could and build the very best module you 
ever could -- and then you can begin as a second priority to go after 
reaching this cos- objective. I happen to think that single-crystalline 
silicon would be a very nice thing to use in these solar cells. I would 
think you kould try to get the very most out of it that you could, and I 
think that would be the ideal approach. 

LXIYDHAYOR: T think that at least small panels have been made that are good, 
This was really just done in the lab. but not 1 m2. 
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ASPECTS OF SiLICON BULK LJFETIMES 

P.T. Landsberg 
University of Southampton, 

Southamptoa, SO9 5 N H ,  England. 

Abstract 

Following some general reinarks about (a) high eff icienci?s and (b) 
-- First, an recombination lifetimes, two specific questions are considered. 

analysis is made of the best lifetimes which have been attained for bulk 
crystalline silicon as a funct;,.n of doping concentrations. 
adopting a separability 'sumption that the dopants which set the Fermi level 
do not contribute to the recombination traffic which is due to the unknown 
defect. This defect is assumed to have two charge states: neutral aid 
negative, the nel;tral defect concentration being froten-in at some temperature 
Tf. It is essential for the higher doping concentrations to include the band- 
band Auger effect by using a generalisation of the Shockley-Read-Ball ( S . R . H . )  
mechanism. We infer single-electron band trap recombination coefficients of 
order cm3s-I and an unknown defect level near mid-gap. Some speculations 
concerning its nature are also offered. Secondly, the abotre-mentioned 
generalisation of the SRH mechanism is discussed in detail by giving relevant 
formulae and quoting rccent comparisons with experiment. Thls fcrmulation gives 
a straightforward procedure for incorporating both band-band and band-trap Auger 
effects in the SRH procedure. There are two related questions which arise in 
this context: (a) It may sometimes be useful to write the ster.dy-state 
occupation probability of the traps implied by SRH procedure in a form which 
approximates to the Fermi-Dirac distribution. It is shown how this can be done. 
(b) Some brief remarks about the effect on the SRH mechanism of spreading 
levels at one energy uniformly over a range of energies will also be made. 

This is done by 

-- 
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1. Introduction 

In this talk I want to discuss two topics of importance for the improve- 
&ne & s>l$con solar cells. The first ((41, relates to the problem of the 
residual defect in silicon. Working backwards from the measured lifetLme - 
doping relationship, we shall ask if there is 
capture probabilities which can account for the beet lifetimes. The answer 
turns out that there seems to be scch a level, but to identify its precise 
nature requires more experiments. The second topic is the identification of 
Auger trap and/or Auger band coefficients by an analysis which closely 
resembles that familiar from the ShockLey-Read-Hall ( S R H )  statistics. With 
the increasing importance of heavy doping in devices, this rarely used 
procedure is worth noting and it will be described in some detail. Although 
not new it has been used only once or twice,and it ought to be more widely 
known. 

single level with - some 

As this is an "overview" talk, the work indicated above is preceded by 
general remarks on high eff:ciencies ( € 2 )  and lifetimes (43). 

L .  General remarks : efficiencz 

The achievement of 18%+ efficient solar cells based on terrestrial 
conditions and single crystal silicon has recently been repcrted. .4 key 
element in the design is a thin (20 -50  A; Si02 layer to passivate those n+ 
silicon surface regions which are without a contact (1). A first question 
LO be raised is if one knows that Si02 is the ideal layer. One knows that other 
layers can be used, for example in MIS structures(2) i it would be interesting 
and important to know their effect on device performance. 
other ways of attaining high efficiencies, for example by the use of ion 
implantation, high resistivity silicon and using surface passivation(3)). 
is the first problem to which I want t o  direct attention. 

[There are of course 

This 

A second pot-ntial method of obtaining high efficiencies is to employ 
several cells of aifferent energy gaps in one unit (or even in separate units 
so that there are four or more terminals). If one envisages black-body 
radiation at 6000K and a very idealised mode1,e two gap tandem cell might push 
the efficiency up from a theoretical one-gap value of 31% to a two-gap .palue 
of 4 2 . 9 % ( 4 , 5 ) .  
band gaps is obtained from Figure l ( 5 ) .  
tandem cells based on, for example, a combination of amorphous and crystalline 
silicon as has been done at M . I . T .  Figure 2 shows the results of such a 
calculation assuming optimised gaps, silicon properties for all gaps, one 
sun and room temperature operation. A four-terminal arrangement is seen to be 
best, but in this calculation, one finds only a modest improvement of 30% 
efficiency over the ideal 27.5% for a single junction crystalline cell. This 
makes the additional complication arising from a second junction of doubtful 
benefit(6). 
adjus' ?nt of a tandem cell for one spectrum is upset if the incident 
spectrum is changed by cloudiness. The investigation of s x h  matters 
represents a second problem to which I want to direct attention. Note that 
these high theoretical efficiencies for tar.dem cells have not even been 

Some idea of the fall-off of efficiencies for non-optimal 
More realistically,one can study 

An additional problem with tandem cells is that an optimal 
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Figure 1. Maximum iso-efficiency curves for a two-band 9ao 
- .  

cell at 1 sun assuming a black-body spectrwrt  at a 
black-body temperature twenty times the ambient 
temperature (5). 

BOTTOM-CELL RAND GAP ( e V )  

Figure 2. Maximum AMI, 1 sun conversion efficiencies of 
cr ystallineon-amorphous silicon tandem structures 
at room temperature if separately connected 
(~terminais) or in series (~-termina1s)'6'. 
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realised approximately in practice. 
recombination at surfaces are among the difficulties which have imFeded 
progress. 

Presumably surface problems and 

Multi-gap structures entirely based on amorphous silicon have also 
been considered. 
a 7% efficiency was attained, compared with a theoretical 24% ( 7 ) .  
interest here is, however, in crystalline silicon. 

For a three-gap structure in series (Eg = 2.0, 1 . 7 ,  1.45 eV) 
Our main 

There is an additional step which can be taken, namely to raise the 
mbility of the current carriers by confining them to a well in the conduction 
band produced by growing different materials on top of each other. 
kind of mui;i-hetero junction scheme the electrons travel in a two-dimensional 
well. 
These are thus left behind leaving to the electrons a region relatively free 
of ionised impurity scattexing. The need to pursue these ideas, is my third 
problem. A start has been made with it at the Sandia National L a b o r a t o r m  

In this 

They have dropped into it from a region containing the original dopants. 

3. General remarks : Lifetimes 

Properties of a silicon wafer may be specified by giving details concerning: 

Electrical properties (resistivity, conductivity type, lifetime, 

Mechanical properties (thickness, vacancy and interstitial densites, 

Chemical properties (chemical impurity concentrations, stoichiometry, 

Surface properties (surface scratches and roughness, etc.). 

etc. 1 

etc. 1 

etc. 1 

Of all these many parameters I shhlihere been concerned only with the lifetime 
T against recombination. Because it is normally larger than the dielectric 
relaxation time T~ one keeps up a non-equilibrium steady state between 
electrons and holes and can have lifstimes and diffusion lengths which are 
greater than zero. 
relaxation semiconductor in which the Fermi levels are locally coincident.] 
In order to improve solar cells one has to increase T further. 

[The opposite situation T <<TD characterisos the so-called 

Lifetimes may be improved by gettering metallic impurities like Au, 
Fey Cu which provide deep recombination centres, using a mixture of 02 and HCI. 
Dislocations help to getter most impurities but unfortunately they provide 
reccmbination sites themselves, particularly in the presence of vacancies. 

During processing the high temperatures induce the formation of thermal 
defects (vacancies, interstitials, etc.) some of which are quenched into the 
final material and cannot be annealed out altogether. Particularly when 
dislocation-free material is used, and dislocation gettering is the :fore not 
available, these mechanical defects tend to agglomorate and to give rise to 
aggregates of defects (some are known as "swirls") which also shorten life- 
times. This problem presents a "point defect dilemms"(9). 
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It should be remembered that a good understanding of lifetimes is desirable 
not only because one wants long lifetimes in solar cells. One additional 
reason is that lifetime monitoring is important in device processing. It is 
used for example in neutron transmtation doping in which the uniformly 
distributed isctope 3oSi is converted into phosphorus dopant which is 
therefore elso uniformly distributed: 

30si 31p+ Bray. 

lifetime measurements designed to assess the quality of the starting ingot 
is also in use( 10, 11). 
is that for some device applications lifetime reduction is required, notably 
for fast-switching bipolar transistors. 
(after fabrication) by electron beam irradiation, or (during fabrication) 
by introducing "killer centres" such as Au and Pt. 

A second additional reason for understanding lifet ilhes 

This reduction may be achieved 

4. The residual defect in silicon 

If one looks at measured silicon lifetimes as 3 functian of doping, one 
finds the jumble of points shown in Figure 3 .  

However, one may consider only the best lifetimes for given doping on 
the argument that these crystals have attained some ideal lifetime, limited 
only by a particular, but unkaoun, defect. This defect could be mechanical 
(interstitial), chemical, or an association of several of these. In this view 
the dopants help to set the Fermi level, but do not participate in the 
recombination traffic which limits the lir'etime. The recombination defects, 
on the other hand, although of lot. concentration, are included in the Fermi 
level equatian. This is a kind of "separability assumption" for Fermi level 
and lifetimes and it will be adopted here. What are the characteristics of this 
"residual" lifetime limiting defect? 

To answer this question we have added to the separability assumption, 
secondly.the hypothesis that the defect has only one recombination level 
and that if it is occupiad it is negatively charged; otherwise it is neutral. 
A third assumption is that the concentration of neutral defects is that which 
is "frozen in'' at a temperature Tf with an activation energy Ea, so that(l3) 

Nf ( 5 z exp (-Ea/kTf) cm -3 . 
The numerical factor is the atomic density of silicon. 

The procedure now is to regard (1) ds giving the maximum solubility of 
the neutral defect as Tf. This is independent of the location in the materizl 
and of Fermi 1ev;l. The defect has a negative charge stat2 linked to N2 by 

exp [(F - Ed)/kTf]. 

Hence an increase in n-doping, by raising the Fermi level, raises N- and so 
raises d 

= Nx + N- 
Nd d d' 
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Figure 3 Sorre experimwidl mtnority hole lifetimes in 
n type sil~con (at from reference 12. 
(b) from reference 13. 
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This leads to a lowering of T (ND) with doping. However, increase in p- 
doDing lowers the Fermi level' and hence Nd. 
'n(NA) with dopin 

charge on the unknown defect enables therefore the model to reproduce the 
asymmetric behaviour observed experimentally as regards i n  compared witti T ~ -  

This leads to longer lifetimes 
until these lifetimes are pulled down again by the band- 

band Auger effect 1T 14) as shown in Figure 4. Assumption 2 concerning the 

The lifetime curves for the correct concentration Nd of defects, as 
calculated at Tf, are used at the lower measurernent temperature T, assuming 
a generalised Shockley-Read mechanism( 15). 
doping, until they are both pulled down by band-band Auger effects. 

They follow roughly (Nd1-l with 

The notation for the recombination constant is shown in Figure 5. We use 
Bs, B1, B2 for band-band recombination and Tf, T;, Ti ..... T4 for 
recombination involving traps(l4). A superfix S indicates a single-electron 
(non-Auger) transition, the other symbols refer tc Auger effects. Following 
Fossum et al(13~15) one can neglect Ti, 12, T3, T4 and Bb and adopt 

6 -1 
Bl = 2B2 = 2 x cm s . 

s s  As to Ti, T2, one may regard them as fitting parameters, along with Tf and 
Ea. The inferred values are then found to be : 

-9 3 -1 
s = ~ s % 5 x 1 ~  cm s , 2T1 2 

t 

r 

i 

E = 1.375 eV, Tf = 620 K. 

Position of defect level : 45 meV above mid-gap. 
a 

The resulting fit is shown in Figure 4. 

We are left with two matters of controversy : (1) What is Tf in equn.(l)? 
(2) What is the nature of the defect specified in (2)? 

As to the first question, recall the early quenching experiments on 
silicon which led to a relation of the type(17) 

1 - 
T 9 = C exp (-E,/kT ) 

where the activation energy was found to be 0.6 eV, T was the minority carrier 
lifetime and Tq was the temperature from which the sample was quenched. 
Data enabling one to find C was given later for these thermally generated 
recombination centres: 

13 -1 
C Q 2.13 x 10 s , Ea = 0.9 eV. 

[18; note that the captions of Figures 8 and 10 should be interchanged]. 
recently a thermally generated donor density 

More 

-3 was found with C I S  8 x cm , Ea = 2.5 eV in ''pure'' p-type silicon. 
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Figure 4. Doping dependence of the best mom temperature minority 
carrier lifetime in silicon according to experiments (points). 
Asterisks indicate that the band Auger process is included 
along with the normal Shockley-Read process (unasterlsked). 
Circles (for holes) and square (for electrons) represent 
experimental points (14). 

Figure 5. The notation for thQ recombination constants. 
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The a p p r o p r i a t e  l e v e l  was loca ted  0.37 eV above t h e  valence band edge (19) .  
These results suggest  t h a t  (1) i s  a reasonable  assumption and t h a t  t h e  
f r eez ing - in  temperature Tf may be i d e n t i f i e d  as t h e  quenching temperature 
f o r  i n f i n i t e l y  r ap id  cool ing a t  least f o r  some h e a t  t reatment  h i s t o r i e s .  
This corresponds t o  the  ' 'perfect ' '  quench. 
by slower coo l ing  should l ead  t o  Tf < Tq. 
needs f u r t h e r  study. 

Departure from t h e  p e r f e c t  quench 
This  r e l a t i o n  between Tf end Tq 

The second ques t ion  i s  made d i f f i c u l t  by the  v a r i e t y  o f  l e v e l s  found by 
d i f f e r e n t  methods i n  the  forbidden gap of  s i l i c o n .  In  p a r t i c u l a r  we c i t e  
nine r e l e v a n t  pre-1980 pa ers on thermally generated and/or quenched-in 

p-type s i l i c o n  i n  ( 1 9 ~ 2 0 )  and i n  boron-doped s i l i c o n  i n  ( 2 1 ) ,  but no t  i n  
( 2 2 )  where the  boron concen t r a t ion  was heav ie r .  
as a complicated d e f e c t .  The thermally generated d e f e c t s  were found t o  be 
hard t o  anneal  ou t  i n  (25)  and i n  la ter  work. 

c e n t r e s  i n  s i l i c a n  (20.28 P . Thus a donor l e v e l  a t  E, + 0 . 4  e V  was found i n  

I t  w a s  aga in  found i n  ( 2 4 )  

I n  a series of la ter  papers  f a s t  ("SI') and slow "r"', "rt'") thermal 
recombination c e n t r e s  were found and c h a r a c t e r i s e d .  They have formation 
e n e r g i e s  of 1.0 e V ,  1.2 e V  and 2.5 e V  ( 2 6 1 ,  t he  siower c e n t r e s  being less 
so lub le .  The high binding energy and t h e  consequent d i f f i c u l t y  of annea l ing  
ou t  thermal c e n t r e s  was confirmed (27,281. The slow c e n t r e s  were a t t r i b u t e d  
t o  vacancy-Cu complexes and la ter  t o  vacancy-oxygen complexes (29) .  The f a s t  
c e n t r e s  were a t t r i b u t e d  t o  n a t i v e  d e f e c t s  [;29), Figure 31.  

As regards energy l e v e l  struct.ire, many i n c o n s i s t e n c i e s  remain. 
Some of t he  d i sc repanc ie s  between t h e  va r ious  experiments have been a t t r i b u t e d  
to e l e c t r i c a l l y  a c t i v e  d e f e c t s  connected with t r a c e s  of  i r o n  i n  s i l i c o n  which 
may have been p resen t  i n  varying amounts (30) .  They can be kept down t o  
below 1014 cm-3 by s p e c i a l  t r ea tmen t .  I r o n - r e l a t e d  deep l e v e l s  have, i n  
f a c t ,  been s t u d i e d  s e p a r a t e l y  (31) as has  the  l e v e l  a t  0.45 e V  above the  
valence band edge (32) .  

Swir l  d e f e c t s  (due t o  po in t  d e f e c t  agglomerates,  presunably i n t e r s t i t i a l )  
of formation energy 1.3 e V  - 1.4 e V  were a l s o  noted i n  p-type f l o a t i n g  zone 
grown h e a t - t r e a t e d  s i l i c o n  (331, and t h e i r  anneal ing c h a r a c t e r i s t i c s  d i f f e r  
from those of d ivacanc ie s  of a s i m i l a r  formation energy (1.3 eV). 

Two p o s s i b l e  i n t e r p r e t a t i o n s  of t he  d e f e c t  i n f e r r e d  here  and 
c h a r a c t e r i s e d  i n  ( 2 )  w i l l  now be proposed. The f i r s t  suggest ion is  t h a t  i t  i s  
a s w i r l .  The A-type swirl, be l i eved  t o  c o n s i s t  of d i s l o c a t i o n  Loops, loon 
c l u s t e r s ,  e t c . ,  occurs  i n  concen t r a t ions  of t y p i c a l l y  106 - 1il7 cm-3, and i s  
t h e r e f o r e  not a s e r i o u s  cand ida te .  B-type swirls are sma l l e r  and &re found i n  
concen t r a t ions  up t o  1011 cm-3 o r  so (34 ) .  This i s  of t he  o rde r  (1011 - 1013 
cm-3) of d e f e c t  d e n s i t y  implied by Figure 2 of (14). The formation a c t i v a t i o n  
energy of  1 . 3  - 1 . 4  e V  (33)  i s  a l s o  of t h e  r i g h t  o rde r .  I f  such swirls can 
supply an accep to r  l e v e l  near  mid-gap ( t h e i r  energy l e v e l  s t r u c t u r e  does not 
seem t o  be w e l l  known y e t ) ,  t he  s w i r l  B would be a s e r i o u s  candidate .  This 
i n t e r p r e t a t i o n  of the "residual"  d e f e c t  i n  s i l i c o n  as used f o r  semiconductor 
work, i f  c o r r e c t ,  would be of importance f o r  two reasons : In  the  f i r s t  p l ace  
swirl d e f e c t s  a r e  known t o  have d e t r i m e n t a l  e f f e c t s  on s i l i c o n ,  and secondly 
the  el iminacion of s w i r l  d e f e c t s  is under a c t i v e  s tudy.  One can u s e  slow o r  
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fast crystal pulling rates, inert ambients during growth, or annealing after 
growth to reduce their occurrence. 

A second candidate is the 'ls" (native, fast) recombination centre (29). 
The slow centres ("r, r', rr' "1 have levels which lie too close to the band 
edges, whereas the ''s'' centre has a level near mid-gap. A recombination 
coefficient for minority carriers of % 10-7 cm3 s"- has beenssuggested (23) 
which is 100 times larger than our inferred values of TH 1, T 
This could, however, be understood in terms of different thermal histories. 
It is, of course, possible that the "s"-centre and the swirl B centre are 
the same defect. 
recombination mechanisms and doping density leaves these matters unresolved. 
It is hoped that the above suggestions may, however, stimulate further work. 

$10'9 8-1. 2 

Even a very recent study (35) on the relation between 

Deep level spectra are iiot well known, but some are shown in Figure 6 
and it will be seen that they do not apply to the residual defect identified 
here. 

5. Auger effects in trapping statistics 

In the above discussion the Shockley-Read-Hall trapping mechanism has 
been invoked in order to Lrrive at a lifetime. However, the effect of 
additional Auger processes was not incorporated in the original version of 
1952. 
took an interest in heavy-doping phenomena. Because I believe this 
incorporation of Auger effects to yield an important new and useful concept, 
I have developed it and applied it from time to time(15~39~40). 
present context the motivation for such an extension of the Shockley-Read-Hall 
mechanism is particularly obvious: Thereverse diode saturation current J o  
should be kept small in a solar cell to reduce loss by recombination. The 
minority (electron) carrier recombi.hation rate per unit \*oluci* is for the 
simplest picture of a p-type layer 

This extensior. was made in 1963 (38)  well before device engineers 

In the 

2 n - n  n n 

where 6y is the electron Fermi level excess over its equilibrium value 
divided %y kT. 
degenerate with all acceptors ionised : 

It has also been assumed that the p-type material is non- 

n p = n : = n  N 
PO PC PO A 

rhe bulk recombination can therefore be held down by heavy doping and this 
brings in Auger effects as their rate tends to dominate over single 
carrier transitions at high carrier densities. [The improvement of the basic 
material by identifying and, if possible, removing deep level recombination, 
also indicated 

The need 
of solar cells 

by th, srgument,was dealt with in section 41. 

€or heavy doping can also be seen from the open-circuit voltage 
which in a simple theory should increase with doping but i 

T k 
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iact  d e c l i n e s  a f t e r  going through a maximum. 
given by Iles and Soclof(41) .  

An e a r l y  curve of t h i s  kind was 

Turning t o  t h e  inco rpora t ion  of t he  Auger e f f e c t s  shown i n  Figure 6 i n t o  
the  S ! U  t r a p p i n g  s t a t i s t i c s  scheme, t he  s implest  way of doing the  a lgeb ra  
may be a s  follows. 

L e t  NO and N 1  be the  concen t r a t iop  of c e n t r e s  o r  d e f e c t s  without a 
trapped e l e c t r o n  and with a t rapped e l e c t r o n ,  and l e t  Nd = 1Jc + N 1  be 
t h e  t o t a l  d e f e c t  concen t r a t ion .  
so t h a t  f o r  non-degenerate m a t e r i a l  we have 

L e t  E, p be e l e c t i o n  znti hole  concen t r a t ions  

E lec t ron  cap tu re  r a t e  = nNo ( G I  

Hole cap tu re  rate PN1 (HI 

E lec t ron  emission rate a N1 (Gnl) 

Hole emission r a t e  a No !Hpl) 

The c o e f f i c i e n t s  of p r o p o r t i o n a l i t y ,  which w e  s h a l l  i d e n t i f y  l a t e r ,  a r e  a l s o  
shown. A l l  one i .c&ds i s  the  s t eady  s ta te  cond i t ion  f o r  t he  cerr t res ,  by equa t ing  
the  n e t t  e l e c t x n  and ho le  cap tu re  r a t e s  per u n i t  volume: 

This g i v e s  s t e a d y - s t a t e  occupation f r a c t i o n s  

so t h a t  

i 

1 
Gn + Hp 

N1 - =  
N d G(n+nl)+H(p+pl) ’ 

! 

N 
1 

Nd Nd 

N 0 -  1 , -  

- - _  ( 4 )  

‘:it> . . ‘ t i i i i o n  f o r  No and N1 from (4 )  i n t o  the l e f t -hand  s i d e  of ( 3 )  g ives  the  
::er’l\;*/-state t r a p  recombination r a t e  per  u n i t  volume : 

nP - n1P1 
(5) - - 

st .s t  (NdHj -1 (n+nl)+(NdG) -1 (p+pl) 
U 

This has t h e  gene ra l  shape of  t h e  usua l  S.R.H. r e s u l t ,  except t h a t  n l , p l ,  G ,  
H need i n t e r p r e t a t i o n .  

The f a c t o r s  n and p are not i n t e r e s t i n g  ; they follow from ( 3 )  i f  1 d e t a i l e d  balance i s  assumei: 

P 

5; :I 

4 

24 



n -  0 d 'c nN 
n1 = (- = Nce 

N1 eq 
( 6 )  

where rl 
each divided by kT. Similarly 

and nc are the energies of trap level and conduction band edge, t 

n "-n 
( 7 )  - d p1 = (-- - e  

where refers to the valence band edge. It follows that 

= (np) = n 2 
nlPl eq i 

However, C; and H are more interesting : we must include cll the six 
trapping processes qf Figure 5, making the electron capture rate per unit 
volume 

GnNO = T S "No + T1n 2 No + T2npN0, 
1 

S i.e.G = T1 + T n + T2p. 1 

S Similarly 
H = T2 + T n + T p 2 3 

(8 )  

( 9 )  

The picture is completed by adding the band-bana recombination rate per unit 
volume 

(10) S Fnp Y F = B + Bln + B2p 

(38 )  Hence the total steady-state recombination rate per unit volume is 

We now proceed to some special casea of interest. 

Consider now the minority carrier lifetimes. In p-type material one 
has p%p, (the equilibrium concentrations receive now a suffix zero) so that 

NdG. (n-no)p NdG [F+--1 = p F +  
P+P 1 

(12) 
P+P1 n-n 

1 
ln n -n - m- 

0 0 
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i 

I 

i 

n 1 = n F +  - NdH. (13)  1 U (P-Po)n NdH [F + - M -- 
'I P-Po P'P, n+n 
- = -  

n+nl P 

I f  n << n ,  p1 << p,  one has ,  unde r l in ing  terms l i a b l e  t o  dominate, 
1 

S - * (B + B n + B 2 p ) p + ( T S + T n + T  ?p ) N  d 
1 1  - 1 1  - T 

n 

S S (B1 + B1n + B2p)n + (T2 + T n + T p)Nd 1 - 
3 4 - - T 

P 

These formulae were i n  reasonable  agreement with ea r l i e r  (1962) experiments on 
Germanium when these  results were f i r s t  tes ted s h o r t l y  a f t e r  they were 
proposed(42). However i t  took a s u r p r i s i n g  e igh teen  yea r s  before  an 
e x p l i c i t  tes t  w a s  made t43 ) .  
Table 1. 
case ,  and experiment. [The c l a s s i c a l  S.R.H. r e s u l t s  are found i f  one p u t s  

Some of the r e s u l t s  are shown i n  Figure 7 and 
There is  reasonable  agreement between theo ry ,  equat ion (15) i n  t h i s  

= B2 - T = T2 = T3 = T4 = 01. (16)  S 
1 B1 = B1 

Table 1 

Some i n f e r r e d  va lues  from a f i t  of eql i t i o n  (15) t o  the  

d a t a  of Figure 7 a t  300K.Based on r e fe rence  43 

S 
Tj /T2 

Au d i f f u s i o n  a t  -8 -12  3 -1 -19 3 
85OoC 15 10 s 5 . 3 ~ 1 0  cm s 7.95 10 L;m 

-19 3 -8 -12 3 -1 10.7 10 cm 1.3 10 8 82x10 cm s 
Au d i f f u s i o n  a t  
92OoC 

We thus  have a method, capable  of being app l i ed  t o  experiments,  which 
i s  the  n a t u r a l  ex tens ion  of S.R.H.  s t a t i s t i c s .  A s  Auger e f f e c t s  have  o f t e n  
t o  be taken i n t o  account ,  t h i s  method should r i v a l  S.R.H. s t a t i s t i c s  i n  
popu la r i ty .  The only complication i s  the  need t o  know t h e  a d d i t i o n a l  
recombination c o e f f i c i e n t s .  Bu t  a s  was seen i n  (16 )  some of t hese  may be  
p u t  equa l  t o  ze ro  i n  s p e c i f i c  cases .  

There i s  a ques t ion  of a more academic n a t u r e  which the  above results 
b r ing  up: The Rteady-state  occupation p r o b a b i l i t y  ( 4 )  of t h e  recombination 
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centres should go over into the normal Fermi-Dirac function in equilibrium: 

1 N 
1 (-1 = exp(nd - y )+I 

Nd 0 0 

(17) 

where y is the equilibrium Fermi level divided by kT and the degeneracy 
factor gas been absorbed in nd. 
this can come about. However, one can rewrite (4) a s  

At first sight it is not easy to see how 

which solves the problem provided one can show that h +  1 in thermal 
equilibrium. This is so. In fact one finds 

1 
cosh[a+ - (yh - yo' 1 2 

1 cosh[a + 5 (ye - yo)] 
h = exply - - (ye + % ) I  

0 2  

(19) 

where 

e q a  = Gnl/Hpo. (20) 

In thermal equilibrium h + 1, as expected. The results(l8) - (20) seem to be 
new. They were first found in referer?r,e 44. 

A question not investigated much (but see ( 4 0 j ) ,  though it could be of 
importance for lifetimes, is the following: How is the recombination lifetime 
changed if Nd levels at an energy Ed are spread out with constant density 
to extend from Ed - E to Ed + E ? .  This 'nukt arises occasionally in modelling 
situations. 
prctess, assiimi2g that defect-defect transitions ate negligible. This matter 
is under investigation. Preliminary results suggest that, depending on the 
position of Ed and on the excess carrier concentration, the recombination 
rate can move in either direction. For a defect at rnidgap a decrease is 
more likely, while an increase is favoured if the defect is in the upper part 
of the gap provided the excesr carrier concentration is not too large. More 
details will be reported in due course. 

To answer this question one can use the generalised S.R.H. 

3 
; 

Ir.. 

r 
t;; 

28 

I 

I 

! s' 



6. Additional coarent after the work was completed. 

A defect similar to the one inferred here (in section 4 )  appears to have 
been found in swirl-and dislocation-free float zone grown silicon by deep 
level transient spectroscopy and derivative surface photovoltage (451.  This 
dolainant recocabination level was located at \- + 0.56eV with a capture cross 
section for holes equal to twice the capture cross section for electrons: 

in fair agreement with the specification (21, above, of the defect identified 
here. If one puts 

T2’ = f v (v - lo7 em/s - thermal velocity) 
and inserts our value for T2Sand relation (21) the factor f (6iving a 
recombination efficiency) turns out to be 

f = 0.05. 

The saam result is found if TI’ and a: are used. 
that the defect m y  be a self-interstitial or 8 cluster of these - this is a 
third possibility in addition to the two noted in section 4. 

These authors suggest 

29 



REFERENCES 

1. A. W. Blakers, M.A.Green, S. Jiqun, E. M. Kel' -. S.R.  Wenham, 
R. B. Gobfrey, T. Szpitalak and M.R.Willison, '-percent efficient 
terrestrial silicon solar cells", IEEE Electron device Letters 
EDL - 5, 12-13 (1984). 

2. P. T. Landsberg and C. Klimpke, "Theory of the Schottky barrier solar 
cell", Proc. Roy. SOC. k 354, 101-118 (1977). 
C. H. H. Klimpke and P. T. Landsberg, "An improved analysis of the 
Schottky barrier solar cell", Solid-state Electronics - 24 401-406 (1981). 

3. 

4. 

M. B. Spitzer, C. J. Keavney, S.  P. Tobin and J. B. Milstein, 
"Ion implanted silicon solar cells with 18% conversion efficiency", 
17th I.E.E.E. Photovoltaic Specialist conference, Orlando, May 1984. 

A.de Vos, "Detailed balance limit of the efficiency of tandem solar 
cells", J.Phys. D 13, 839-846 (1980). An exposition of these theories 
is given in P. T. Landsberg, "Non-equilibrium concepts in solar energy 
conversion", NATO Advanced Study Institute, Erice, 1983 Ed. B.di Bartolo 
(New York : Plenum Press), to be published. 

. .. 

. .  
6. i 

5. A.de Vos and D. Vyncke. "Solar energy con:persion : Photovoltaic versus 
photothermal conversion", 5th E.C. Photovoltaic Solar Energy 
Conference, Athens, October 1983. 

6. 

7. 

J. C. C. Fan and B. J.Palm , "Optimal design of amorFi,=-~,';iystalline 
tandem cells", Solar Cells - 11 247-261 (1984). :-i 
Y. Kuwano, M. Ohnishi, H. Nishiuaki, S. Tsuda, T. Fukatsu, 
K. Eiiomoto, Y. Nakashima and H. Tarni, "Multi-gap amorphcus Si 
solar cells prepared by the consecutive, separated reaction chamber 
method", 16th I.E.E.E. Photovoitaic Specialist Conference, San Diego, 
Sept. 1982. 

8. R. J. Chaffin, G. C. Osbourn, L. k. Dawson and R .  M. Biefeld, 
"Strained superlattice, quantum well, multijunction pbotovoltaic 
ce 1 1" , 17 th I. E. E. E. Photovoltaic Special is t Conference, Orlando , 
May 1984. 

9. E. Sirtl, "Facts and trends in silicon material processing", 
in Semiconductor Silicon 1977, Ed. H. R. Huff and E. Sirtl, (Princeton: 
Electrochemical Society, 1977), p.4. 

10. 

11. 

R. Westbrook (Ed.) Lifetime Factors in Silicon, Am. SOC. for the Testing 
of Materials, Spec. Tech. Publication No. 712 (1980). 

D. C. Gupta (Ed.) Silicon Processing, Am. SOC for the Testing of 
Materials, Spec. Tech. Publication No. 804 (1983). 

30 
I 
I -  

* -- 



12. B. Ross, "Survey of literature on minority carrier lifetimes in silicon 
and related topics", in Lifetime Factors in Silicon reference as in 
10, p.14-28. 

13. J. G. Fossum and D. S. Lee, "A physical d e 1  for the dependence of 
carrier lifetime on doping density", Solid-state Electronics -- 25 
741-747 (1982). 

14. P. T. Landsberg and G. S. Kousik, "The connection between carrier 
lifetime and doping density in non-degenerate semiconductors", 
J. App. Phys. - 55, (1984). 

15. P. T. Landsberg, "Semiconductor Statistics", in Vol. 1 (Ed. W. Paul) 
of the Handbook of Semiconductors (Ed. T. S. MOSS) (Amsterdam : North 
Holland, 1982), pp. 405-416. 

16. J. G. Fossum, R. P. Mertens, D. S. Lee and J. F. Nijs, "Carrier 
recombination and lifetime in heavily doped silicon", Solid-state 
Electronics, - 26 569-576 (1983). 

17. G. Bemski, "Quenched-in recombination centres in silicon", 
Physical Review - 103 567-569 (1956). 

18. B. Koss and J. R. Hadigan, "Thermal generation of recombination 
centres in silicon", Phys-Rev. - 108 1428-1433 (1957). 

19. L. Elstner and W. Kamprath, "Quenched-in levels in C-type silicon'', 
Phys. Status Solidi - 22 541-547 (1967?. 

20. G. Bemski and C. A. Dias, "Quenched-in defects in p-type silicox'', 
J.App.Phys. 35 2983-2985 (1964). 

21. M. L. Swanson, "Defects in quenched silicon", Phys.Status Solidi 22 
721-730 (1969). 

22. G. Swenson, "Impurity conduction in quepched p-type silicon", 
Phy.Status Solidi (a) -- 2 803-808 (1970). 

23. V. C. Glinchuk, N. M. Litovchenko, L. F. Linnit and R. Merker, 
"Decay of excess carrier concentra:ion in thermally treated silicon," 
Phgs.Stat.So1. ( a )  - 18 749-756 (1973). 

24. W. Leskochek, H. Feichtinger and G. Vidrich, "Thermally induced 
defects in n-type and p-type silicon", Phys. Status Solidi 
(a) -- 20 601-610 (1973). 

+ 25. L. D. Yau and C. T. Sah, "C)uenched-in centres in silicon p n junctions", 
Solid-state Electronics, 17 193-201 (1974). 

26. V. D. Glinchuk, N. M. Litovchenko and R. Merkes-, "Solubility and 
origin of thermally induced recombination centres in n-type and y-type 
silicon", Phys. Status Solidi (a) - 30 K109-113 (1975). 

I 
31 

t. 

ld 

?- E 1 ' la--- 



27. K. D. Glinchuk, N. H. Litovchenko and R. Merker, "The role of 
impurities in the formation of quenched-in recombination centres in 
thermally treated silicon1', Phys. Stat. Solidi (a) - 33 K87-90 (1976). 

28. K. D. Glinchuk, N. M. Litovchenko and R. Merker, "Effect of quenching 
rate and annealing on the concentration of quenched-in recombination 
centres in heat-treated silicon", Phys. Status Solidi (a> - 35 
K157-160 (1976). 

29. K .  D. Glinchiik and N. M. L.itovchenko, "Decay of excess carriers in 
thermally treated oxygen-doped silicoT;", Phys.Stat.Solidi (a) - 58 
549-555 (1980). 

30. G. Borchardt, E. Weber and N. Wiehl, "High-purity thermal treatmeat 
of silicon", J. App. Phys. 52 1603-1604 (1981). 

31.. K. Wunstel and P. Wagner, "Ion-related deep levels in silicon", 
Solid State Comm. - 40 797-799 (1380). 

32. D. W. Ioannou, "Comments on the E, + 0.15 eV quenched-in level in 
silicon", Phys-Stat. Solidi (a) - 72, K33-36 (1982). 

A. Usami, Y. Fujii and K. Morioka, "The effect of swirl defects on the 
minority carrier lifetime in heat-treated silicon crystals", 
J.Dhys. D E ,  899-910 (1977). 

33. 
i 

I 

4 
34. A. J. R. de Kock, "Crystal growth of bulk crystals : purification, 

doping and defects", in Itandbook of Semiconductors (Ed. T. S. Moss), 
Vo1.3, Materials, Properties and Preparation (Ed. S. P. Keller), 
(Amsterdam : North Holland, 1980), p.272. 

. I  
- 4  

I 3.: 

4 

35. L. Passari and E. Susi, "Recombination nlechanisms and doping density 
in silicon", J.App.Phys. 54, 3935-3937 (1983). 

36. ?+I. Jaros, Deep Levels in Semiconductors iBristo1:Adam Hil.ger, 19821, 
p. 253. 

t 
t; 37. I1 A. Rohatgi and P. Rai-Choudhury, DtLects and carrl.er lifetime in 

silicoxi", in Silicon Processin3 ( E a .  b. C. Gupta) American Society for 
the Testing of Materials, Special Technical Publication 804 (1983) 
pp 383-404. 

38. D. A. Evans and P .  T. Landsberg, "Kecombination statistics for Auger 
effects with applications to p-n junctions", Solid-state Electronics, 
- 6 169-181 (1963). 

P. T. Landsberg, "Some general recombination statistics for semiconductor 
surfaces", I.E.E.E. Trans. Electron Devices .- ED 29, 1284-1286 (1982). 

39. 

P. T. Landsberg and M. S. Abrahams, "Surface recombination statFstics 
at traps", Solid-state Elect-ronics - 26 841-849 (1983). 

: 
i 
I 

32 



41. P. A. Iles and S. I. Soclof "Effect of impurity doping concentration 
on solar cell ot-tput", 11th I.E.E.E. Photovoltaic Specialist Conference, 
Arizona, 1975 pp 19-24. 

42. P. T. Landsberg, D. A. Evans and C. Rhys-Roberts, "Auger effect involving 
recombination centres", Proc.Phys.Soc. - 83 325-326 (1564). 

43. W. Schmid and 3. Reiner , "Minority-carrier lifetime in gold-diffused 
silicon at high carrier concentration", J.App.Phys. - 53 6250-6252 (1982). 

44. P. T. Landsberg and M. S. Abraham, "Effects of surface states and 
of excitation on barrier heights in a simple model of a grain Boundary 
o r  a trurface", J.App.Phys. - 5. (1984). 

45.  L. Jastrzebski and P. Zanzucci "Electronic characteristics of float zone 
grown siUcon", (Electrochemical Society, Ed. H. R. Huff), pp 138-156. 

33 



DISCUSSION 

SCHUMACHBEL: Well, Peter, I guess I don't understan' the whole story here, but 
after all, io the Shockley-Read-Hall treatment of lifetiare, the shiftin6 
of the Fermi level is taken into account, and there is an occupancy factor 
that tells you how many electrons, how many majority carriers there are 
in the centers for recombination. Then, as a result of that, the life- 
time in less heavilg doped material is higher than the lifeti- in more 
heavily doped material. Of course, if you ChaDge the total number of re- 
combination centers, then you can change the lifetime. 
that the number of recombination centers is changing because of the posi- 
tion of the Fermi level, not just the occupancy number. 
you say4ng to be true, it would be necessary for the total number of 
recombination centers to zhange. 

You are saying 

In order for what 

WLYOSBERG: Right. And do it does. I think I might not have made it clear. 
It is entirely my fault. Perhaps what I didn't explain quite well enough 
is that these dopants don't act as recombination; a kind of separabiiity 
assumption that the defect acts as a recambiaation center. The dopant is 
merely there to set the Fermi level. W o w ,  what happens is, as you said, 
the lifetime increases because the total amber of defects has decreased. 

SCtfil#dCHBR: Then the X is the total number of defects. 

LlwDSBERG: lo. The X is the total number of neutrals. So the neutral defect 
density is given by the solubility of the defect in the silicon. 

SCMRUCHBB: Then is not the total number of defects? 

LAIdDSBERC: There is an old paper by Hall and Shockley many years ago that 
discussed solubility. There were other people after this. They were 
talking largely about the solubility of the neutral species. That is 
always uniform; it is not affected by the p-n junction, and SO on, 
because it doesn't react in sn electric field because it is neutral. 

TAN: Peter, I have two siaipie conmeots, made in good faith, aud I hope you 
will accept them in good faith too. The first one is that in one early 
slide you said that in order to specify the material, silicon, you have 
something called a mechanical property. 
material characterization field refer to that a5 a physical defect. 
is simply a aisnomer, not important. The important part is that to my 
knowledge, up to today, we do not krrow how to specify that property in 
the s a w  sense as goo would with your electrical property. 

Those of us who work in the 
This 

W D S B E R G :  I think it: is a very interesting point you are making, because it 
is just where I am rather ignorant. 

TAN: That is why I mentioned I made these conments in good faith. 

LIWDHOLOI: I b!ll be very brief, but some of the people here might want to 
Can you tell us what is know where some of these things were published. 

the status of that manuscript? 
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LdllDSBBRG: We didn't pay any reprint charges because we couldn't afford to. 

LIUDHOtll: That is a good comnent for the sponsors to listen to. 

LAMD§BBRG: Therefore, it is delayed. It is in the Journal of Applied Physics. 
The proofs have been seen but as far as I b o w  it has not appeared yet. 

LINDHOLM: As a point of clarification in sort of Following up Joe Loferski's 
question: I think that your Tf on the slide stands for temperature of 
formation. 
tBet out, that must mean around 600K. Do you remember that? 

You have an activation energy of 1.3 eV, and roughly figuring 

WQDSBERG: Yes. It was around 620K, something of that order. 

SCHWUTTKB: Just a coament in supporting the characterization people on the 
previous corment. Looking back to my early years a8 a student, there was 
one hot subject, and you will remember this as well as I do. People were 
totally concerned for what we called color centers, and they studied this 
€ran a to b to c. And every month, almost, they discovered a new symbol. 
Then later on, once I graduated, they discovered one particle of matter, 
another particle of amtter and I don't know bow many particles of matter 
they have discovered by now. 
crystal perfection by zero dislocation density and so we got accustomed 
to zero dislocation density and crystal perfection -- to characterize 
crystal perfection by the number of dislocations. And then, I believe, a 
lot of nuclear physicists got into silicon, and from there on we have had 
this tremendous confusion about crystal perfection. 
fection does not mean that you have zero dislocation. You are really ad- 
dressing the state, the point defect state, in the materials. Basics 'y ,  
you can only talk about crystal perfection if you know the condition of 
every atom and what else is floating around. You are faced with some 
very difficult problems if you want to calculate something, because we 
Just cannot provide you with the necessary detailed information that you 
need to make the proper calculation. So it is basically our shortcoming, 
not yours, and I would like apologize for that. 

And then we were very proud that we defined 

Today crystal per- 
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RECOMBINATION PHENOMENA IN H l G H  EFFICIENCY SILICON SOLAR CELLS 

I .̂ . 

C. Tang Sah 
University of Illinois 
Urbana, Illinois 61 801 

ABSTRACT 

The dominant recombination phenomena which limit the highest efficiency 
attainable in silicon solar cells under terrestrial sunlight are re*:iewed. 
ultimate achievable efficiency is limited by the two intrinsic recombination 
mechanisms, the interband Auger recombination and interband Radiative recom- 
btnation, both of which occur in the entire cell body but principally in the 
base layer. It is estimated that an upper efficiency of 25.4% at AM1 or AM1.5 
solar illumination can be attained if either Radiative or high-injection-level 
Auger recombination in the base is the only recombination loss mechanism in a 
cell with 50 micron thick base and at an absorbed photocurrent of 0.36 A/W. 
Thicker base will increase the efficiency slightly via higher absorbed photo- 
current less higher Auger and Radiative recombinations in the larger volume. 
At 500 micron, the photocurrent is raised by 10.6% and the open-circuit voltage 
is reduced by about 60 mV due to larger recombination volume, giving a net 
efficiency gain of only about 0.6% to 26% at AM1. 
bination in the base gives a smller efficiency of 24% in 50-micron base cell. 
This suggests that an optimum (26%) cell design is one with lowly doped 50-100 
micr?n thick bae, a perfe2t BSF, and zero extrinsic recombination such as 
the thermai nechanism at recombination centers (the Shockley-Read-Hall process) 
in the bulk, on the surface and at the interfaces. The importance of recom- 
btrration at the interfaces of a high-efficiency cell is demonstrated by the 
ohmic contact 01: tire back surface whose interface recombination velocity is 
infinite. To attain the Auger-recombination-limited efficiency in the base 
without a mincrity-carrier-blocking back-surface-fi Ci layer, the total . 

majority carrier density in the base must exceed 10 cm'2, an impractically 
lar e value requiring a one-centimeter t h i w  cell at a doping concentration of 
10 
50 micron cell and reduce the limiting efficiency by 5% to 20%. 
of swface and interfane recombination i s  further demonstrated by representing 
the Auger and Radiative recombination losses by effective recombination 
velocities which are about 0.33 and 3.1 cm/s respectively at 25.4%. Thus, to 
reach the ultimate efficiency limit of 25.4%, real interfaces must have recom- 
bination velocities less than about 10'17Ns or 1 cm/s at a surface impurity 
concentration of N,=1017cm'3. The paper is concluded by demonstratirig that 
the three highest efficiency cells (17,18,19%) may all be limited by the SRH 
recombination losses at recombinatlon centers in the base layer. 
Auger and Radiative recombination-limited efficiency of 25.4%, the SRH recom- 
bination loss in the base must be decreased to 
time greater than 2x1014/NB or 2 ms at 1017~m-g base doping density. This 
corresponda to a dark current of 0.2 fA/cm2 in the ideal diode raw. 

The 

The low-level Auger recom- 

74 
1? cm-3 which would increase Auger and Radiative recombination by 200 over a 

The importance 

To reach the 

ive a minority carrier life- 
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I. INTRODUCTION 

Energy loss by photogenerated electrons and holes through scattering and 
recombination limits the ultimate performance of solar cells. 
reduces the mobilities of electrons and holes, increases the series resistance 
and decreases the fill factor (FF). Recombination increases the shunt 
cpndqctdfce and tho dark leakage current and decreases both the open-circuit 
vojtdge ‘(Vbc) and the short-circuit current (JSC). Energy loss during these 
two collision processes (scpttering and recombination) wiil reduce the 
maximum efficiency (EFF) which is given by EFF=FF*VOC*JSC/PIN at an absorbed 
areal solar power density of PIN. 

Scattering 

Tht ultimate efficiency is limited by two intrinsic recombination 
mechanims in an ideal cell structure in which the scattering or series 
resistance loss and the extrinsic recombination losses are reduced to 
negligible levels. These two intrinsic recombination mechanisms are the 
interband (conduction-band to valence-band) radiative process and the inter- 
band Auger process. 
the ultimate limit while the interband Auger recomDination mechanism may be 
reduced by proper cell design via dopant impurity density and layer thickness 
control. In a silicon p+/n/n+ or n+/p/p+ back-surface-field (BSF) cell design 
with 50 micron base layer thickness, the ultimate AM1 (or AM1.5) efficiency is 
about 25% at room temperature and both the Radiative and Auger mechanisms 
contribute about equally to the recombination loss. 

The interband Radiative recombination mechanism poses 

This paper presents an analysis of the effects of the intrinsic and 
extrinsic recombination mechanisms on the performance of silicon p/n junction 
solar cella. 
and locations and their effects on the performance of solar cell devices. 
Section I11 provides an analysis of the ultimate performame of ideal cells 
with no scattering losses. 
recombination and its large degrading effect on performance. 
an analysis of the three highest-efficiency single-crystalline silicon solar 
cells which have been reported. 
have reduced their measured performance below that predicted by ideal diode 
law. A short conciuding summary is given in Section VI. 

Section I1 provides a review of the recombination mechanisms 

Section IV illustrates the effect of surface 
Section V gives 

It delineates the material factors which may 

11. RECOMBINATION MECHANISMS AND SITES 

The electron-hole recombination processes can be categorized according 
to their origin. 
which control the recombination rate. Recombination processes with the 
intrinsic crigin are those which limit the ultimate performance of a solar 
cell. Recombination processes due to imperfections in the crystal lattice, 
grouped by their extrinsic origin, such as chemical impirities and physical 
defects, can be reduced so that their deleterious effects on cell performance 
can be nearly eliminated. 
are given below C13. 

They can be further divided by the energy exchange mechanisms 

A categorization of these recombination processes 
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INTRINSIC 

1.1 
1.2 
1.3 

EXTRINSIC 

E. 1 
E. 2 
E* 3 

MECHANISMS ( Interband Transitions) 

Tnermal Recombination 
Radiative Recombination 
Auger Recombinatlon 

MECHANISMS (Baad-Bound Transitions) 

Thermal Recmbination ( S R H )  
Radiative Recombination 
Auger Recombination 

ENERGY EXCHANGT PARTNER 

Phonons(Lattice Vibration) 
Photons 
T h i r d  Electron or Hole 

ENERGY EXCHANGE PARTNER 

Phonons 
Photons 
T h i r d  Electron or Hole 

A main fundamental difference between the in t r in s i c  and  t h e  extrinriic recom- 
bination mechanisms is t h a t  the i n i t i a l  and the f i n a l  s t a t e s  of the electron 
are i n  different bands separated by a large energy gap for t h e  in t r ins ic  
processes. The energy exchange during t h e  transit ion is much larger than the 
largest phonon energy, about 60 meV i n  se’ids. While for  the extrinsic 
processes, t h e  i n i t i a l  or f ina l  s ta te3  is a bound s t a t e  localized a t  
a l a t t i c e  imperfection, either an impur i ty  or defect s i t e ,  while the other 
is an unlocalized band s ta te .  
energy range of the phonons as well as t h e  large energies near the energy gap. 
Thus, the in t r ins ic  processes cannot be eliminated completely, although the 
4uger process, 1.3, can be redused since it depends on the presence of a t h i r d  
electron or hole and hence w i l l  dominate only i n  reglons of h igh  electron or 
hole concentration. However, t h e  extrinsic processes can be reducsu t o  
neg l ig ib l e  level so that  they no longer a f fec t  t h e  solar ce l l  performance. 
The reduction of the  extrinsic recombination mechanisms requires crystal  
perfections and pu r i t i e s  i n  s tar t ing s i l icon  as well as s t ress less  and clean 
solar cell fabrication processes which exceed t h e  l a t e s t  s i l i con  very large 
scale integrated c i rcu i t  (VLSI c i r cu i t )  technology. 

The energy exchange covers both the small 

Among the recombination processes, t h e  i n t r in s i c  Auger and Radiative mecha- 
nism pose the ultimate l i m i t  while the extrinsic thermal :SRH or Shockley-Read- 
Hall) mechanism is the current technology l i m i t .  The recombination r a t e  of the 
SRH mechanism is proportional t o  the der ‘+.y of the impurities and defects. 
These imperfections can be unintentionalLy but  readily introduced during the 
c e l l  fabrication procedures and they may a lso be present i n  the s tar t ing 
crystal ,  having been incorporated dur ing  crystal  growth. Thus,  t o  reduce the 
SRH recombination r a t e  w i l l  tax the l a t e s t  s i l icon C SI technology and beyond. 

These recombination processes can occur preferentially a t  certain regions 
a d  location8 of a solar c e l l s  which suggest device design and technology 
innovations ’LO reduce and eliminate them. A schematic i l lus t ra t ion  is shown 
by a cross-sectional view of a p+/n/n+ ce l l  i n  Fig.1. 
proeesses can occur i n  t h e  quasi-neutral emitter p + / ,  base I n / ,  and back- 
surface-field /n+ layers. They can also occur i n  t h e  Junction space charge 
layer of the p+/n junction, as well as a t  the oxide/Si and  metal/Si or 
metal/oxide/silicon interfaces on the front and the back surfaces of t h e  ce l l .  

The recombination 

Howaver, they are not a l l  important I n  a l l  of these regions. For example, 
i n  the highly-doped p+/ emitter layer, only the i n t e r b a n d  Auger ano the SRH 
recombination mechanisms may be impcrtant. The interband Auger recombination 
can be important i f  the majority carrier d e n s i t y  i n  the quasi-neutral emitter 
exceeds about 1.OE17 hole/cm2 or a sheet resistance of about 0;6 ohm per square 
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slnce Auger recombination rate for the injected or photogenerated electrons in 
the p+/ emitter layer is proportional to the square of the hole concentration, 
F2. For another example, the SRH recombination mechanism could also be 
important i n  the quasi-neutral p+/ emitter if the density of the defect 
recombination centers is greatly increased due to the heavy doping of trie p+/ 
layer by incorporating a high concentration of boron impurity. 
introduces localized band-tail states and broadens the boron impurity level 
into an impurity band, both of which give a narrowing of the energy gap for 
the minority carriers or an increase of the intrinsic carrier density, ni, or 
the minority carrier der,-ity. This woi’ld increase the minority carrier 
or electron recoml-ination rate ifi the quasi-neutral emitter layer and reduce 
the solar cell perfornance. There has been no concrete evidence showing the 
importance of the localized or band-bound Auger recombination process ( E . 3 )  in 
the heavily doped emitter, although it is anticipated due to both th? large 
sajority carrier density and high density of defect and dopant impurities. 

Heavy doping 

In the quasi-neutral base li,.?r, the interband Radiative, lnteroand 
Auger, and the SRH processes may a11 be important. The Radiative process in 
the base layer is the ultimate performance limiting loss mechanism. It is not 
as important in the emitter since the emitter layer is rather thin and hence 
has a rather small recombination volume compared with the thicker quasi- 
rreutral base layer. The interband Auger process in the base layer can be 
reduced 3y nct-so-heavily dopir,g the base. 
the influence of recombination in the back-surface-field layer so base doping 
must be optimized or riot so low, resulting in significant loss from the 
interband Auger recombination process. 

Lightly doped base would enhance 

Similar to the emitter’, the dominant recombination proceoses in the 
heavily-doped quasi-neutral back-surface-f ield layer are the interband Auger 
and the SRH recombinatton processes, but their influences are not as large as 
they are in the emitter since the emitter is close to the solar source and 
the minority carrier collecting p+/n junction than the BSF layer. 

Surface :-ecombination can also seriously limit the efficl-rlcy of very-high- 
efficiency solar cells. RecomSination of electrons and holes at exposed 
surfaces and interfaces can occur via the various mechanisms just described. 
However, the interfaces, such as the oxide/silicon, metal/silicon and 
metal/thin-oxide/siliccs interfaces which can be present in a cell, are layers 
of high density of def :ts and impurities. The defects, commonly known as 
dangling bonds, and the impurities can form electron and hole bound states and 
serve as sites for electron-hole recombination. Generally, the SRH mechanism 
at these interface bound states is thought to be the most dominant. However, 
for heavily doped erritter and BSF layers, the surface concent-ation of the 
majority carrier is so high that one could also expect the Auger mechanisms to 
be important, especially the interband type although the bound-barid type has 
not been eliminated as a candidate. 
efficiency, the recombination l o s s  in the cell must be so low that even a 
minute amount of recombination at tne interfaces can be very d2trimental to 
achieving higher efficiency. At the ultimate efficiency of about 25$, an 
effective interface recombination velocity of 1 cm/s or less must be required 
to render interface recombination unimportant. This places a sevcre constraint 
on the high temperature procrssing steps used during cell fabrication t3 
obtain low recombination velocity interfaces. Each increase of ten of the 
interface recombination veloclty will reduce the open circuit voltage by 

In silicon solar cells of greiter than 20% 
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2.3kT/q or 59 mV a t  24C and the efficiency by 19%. 
interface-recombination-velocity processing techniques a re  weil advanced i n  
Silicon YLSI tschnology. However, areal unifornity over t h e  extremely large 
areas required of solar ce l l s  and s t a b i l i t y  are still :+o key unknown factors. 

Fortunately, low 

The reqiiiremmt of low interface 4ecombination velocity for reaching 
very hieh efficieicy has motivated innovative c e l l  r!e?igns. 
very high (nearly in f in i t e )  interface recomb!naticn velocity a t  the metal/Si 
contact of t h e  front contacts of a c e l l  has prompted one design t o  use a l l  
back surface contacts [2,31 and another design i n  which a t h i n  oxide layer is 
iatroduced between the metal and t h e  s i l i con  surface t o  take advantage of the 
ve ry  low izterface recombination velocity of tPe oxide/silicon interfaze [4,5]. 
Some of the l a t e s t  high efficiency s i l icon  solar ce l l s ,  recently reported, 
seem t o  have the interface recombination loss reduced t o  J n e g l i g i b l e  level 
compared ~ " ' 1  the recombination loss i n  t h e  quasi-neutral base layer [4,5,6]. 
Some qudnti,ative analyses on these c e l l s  a re  given i n  section V. 

For example, the 

Another important recombination loss originates from impurity-defect 
clusters i n  t h e  b u l k  of the ce l l  171 and damaged and a t  the exposed pe.imeter 
surface of the p+/n and n/n+ highllow junctions of the ce l l  [8]. 
these recombination s i t e s  can be eliminated by revising processing procedures 
and cell structure designs. 

I n  Fr;.nciple, 

I 

111. ULTIMATE PERFORMANCE OF IDEAL CELLS 

The ideal ce l l  is one that has only the lowest i n t r in s i c  recombination 
losses, t h e  interband Radiative al?J interbar3 Auger reLmbination losses. 
Operating i n  the low injection level is a i s J  desired ',d further minimize any 
SRH recombination losses and in particular, t o  take advantage of the more 
box-like current voltage characteristics given by the ideal diode law, 
J=Jl *[exp(qV/kT)-l] cmpared w i t h  the  high level lak. J=J2*[exp(qV/2kT)-l]  
which has a more rounded or sof t  shouider. 

I n  the following subsections of t h i s  section, t h e  ideal diode ce l l  w i l l  be 
analyzed t o  i l l u s t r a t e  the numerical range of the solar c e l l  parameters, JSC, 
VOC, FF and a diode parameter, t h e  dark current J1, i n  very high efficiency 
ce l l s .  T h i s  is followed by an analysis t o  give projected ultimate perforor.. :e 
l i m i t  i f  the  only losses l e f t  a re  t h e  in t r ins ic  Radiative and Auger processes. 
I n  the next section, section I V ,  the importance of surface recombination is 
i l lus t ra ted  by two design examples. I n  the l a s t  section, section V ,  analyses 
of t h e  three highest efficiency ce l l s  recently reported a re  analyzed based on 
tbe ideal diode ce l l  model given here. 

3.1 IDEAL DIODE CELL 

The d.c. current-voltage equation of a diode solar ce l l  is given hy 

J - J L  - Jl*[exp(qV/kT) - 11 

- Jm*[exp(qVimkT) - 11 

where J L  is the photocurrent d e n s i t y  (a rea l ) ,  31 is :he dark leakage current 
of the ideal Shochlsy p/n  junction diode, m and J m  a re  the reciprocal slope 
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and dark current of the nonideal junction diode. 
i n  the space charger layer of the p in  J W C t i O n  [93. m-2 for recombination in 
the quasi-neutral base layer a t  high injection level,  i .e. when NaP>>Dopant 
Density. m=4 i f  a surface channel exists across the y/n Junction perimeter 
such as the inversion channel of a HOSFET [91. 
exis ts  across the bulk or the surface of the junction, m can be greater than 
4 [95 .  
level bu t  drops t o  m=2/3 a t  high injection level. 
interband Auger recombifiation ra te  is proportional t o  N P - P N while quasi- 
neutrality a t  high jnjection levels requires that N=:P=n *exp(qV/2kT) , 
resulting i n  a .:urrent law proportional t o  N 3  or P3 or iexp(3qV/2kT)] . 

n=l t o  2 for recombination 

If a shun t  res is t ive path 

For the interband Agger recombination mechanism, m=l a t  low injection 
T h i s  occurs because the 

For high efficiency ce l l s ,  a l l  the nonideal recombination losses are elimi- 
nated ewcept the interband Auger mechanism a t  high injection level:. Thus, the 
Jm tarm can be dropped except for the interband Auger process. ;'he ideal diode 
solar cel l  vquation is + given by 

J - JL - Jl*[exp(qV/kT) - 13. 

The photocurrent, J L ,  is a weak function of peeombination loss  for vsry-high- 
efficiency cells.  I t  can be taken as a ronstant and se t  to  the maximum 
available photocurrent for a given ce l l  tnickness. I n  the nume?ical analyses 
to  be presepted i n  t h i s  paper, JL=360;A/cm2 w i l l  be assumed for a AM1.5 spectra 
a t  a photon power PIN=lOOmW/cd. 
the aeasured AM spectra which gives 31.49mA/& a t  88.92mW/cn? photon power 
i n  a ce l l  of 50 micron thick under one pass with no front surface reflection, 
presented ear l ier  [ lo]  based on the spectra of Thekaekara. 
tions and ce l l  thicknesses, only the r a t io ,  JL/PIN=36/100=0.36 A/W needs t o  
be modified. 
inf ini te l )  t h i c k  or a l l  the photons are absorbed, a 27.6% increase. To reach 
higher efficiency, the cel l  thickness may be increased to  increase the short- 
c i rcui t  current, but  t h i s  w i l l  increase the recombination volume so that  a 
optisum thickness w i l l  be reached beyond which the efficiency w i l l  drop. 
Multiple passes using back-surface optical reflector i n  a t h i n  c e l l  can avoid 
the high recombination loss i n  the base of a thick cel l .  

T h i s  closely approximates the photocurre of 

For other condi- 

T h i s  photoresponse increases to  0.4594 A/W when the ce l l  becomes 

The relationship between the short-circuit current, JSC, and the open- 
-.ircuit voltage. VCZ, is then given by 

JSC = JL - Jl*[exp(qVOC/kT) - 11. 

The maximum power point cat1 be computed, without any approximation by set t ing 
d(J*V;/d"=O. The efficiency, EFF, a t  the maximum power poinL is then given by 

EFF - PMAXIPIN - JMAX*VMAX/PIN 

which is also used t o  define the f i l l  factor, FF, given by 

FF - JMAX*VMAX/JSC*VOC. 

' t  4 

I 

Thus, the maximum efficiency is given by 

EFF = FF*JSC*VOC/PIN - (JSC/PIN)*FF*VOC - 0.36*FFYV9C. 
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This is a fmiiiar result which has been used to analyze high efficiency 
cell designs. To illustrate the vumerical range of the parameters in the 
very-high efficiency cells, a set of values are computed and tabulated in 
Table I. It shows that the dark current, J1 ,  must. be less than 2 E - 1 3  A/& or 
0.2 pA/cm2 for a 20% Cell. It decreases one decade for each efficiency rise 
of 25, reducing to 0.2 PA/& at 265, which is about the ultimate llmit for a 
50 micron thick cell. The table also shows tnat for each 21 rise of 
efficiency, the open-circuit voltage is increased by 60 mV, consistert with 
the simple estimate we made earlier, 58.96 mV. 

SOURCE 

Theory 

TABLE I 
PERFORMANCE PM?AHETERS OF VERY-HIGH-EFFICIENCY 

IDEAL DIODE SILICON SOLAR CELLS 
(AM1 or AM1.5, 24.012) 

J1 Jsc voc FF EFF 

2.@~10'~~ 36.0 840 0.8664 26.0 
(A) (mA) (mv) ( X )  

Theory 1 2.OXlO-l5 
Theory 2.0~10-l~ 

Theory 2.0x1 0-13 

i 36.0 780 0.8588 24.0 

36.0 720 0.8501 22.0 
36.0 660 0.8402 20.0 

I 

3.2 ULTIMATE PERFORMANCE 

The ultimate performance is limited by the interband Radiative and Auger 
recombination mechanisms. The ultimate efficiency is reached when all the 
extrinsic recombination l o Q ~ o s  are eliminated, The numerical results are 
obtained by assuming also ,.,at all the emitter recombination losses are 
negligible, especially the low-level interband Aager recombination losz in the 
highly doped quasi-neutral emitter layer. This Is achievable by proper design 
of the emitter concentration profile sc that the total majority carrier 
density in the emitter is not much higher than about 1 E 1 4  and there is a good 
p++/p+ front surface field layer to malntain the high sheet conductance and 
low series resistance. Thus, in this limit where only base recombination 
dominates, the dark current, J1 can be readily obtained by multiplying the 
position independent base recombination rate to the base thickness. The 
results for both the two intrinsic loss mechanisms and the SRH extr!nsic 
mechanisms are listed next. 
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I .  

Radia t ive  Recambi-ation ( I n t e r b a n d )  

Auger Recombination ( In te rband)  

J ~ , ~  = qCa*XB*nl (High Level)  - 
JI - qCa*m*nZ*m (LOW Level: 

Thermal Recombination (Bound-Band) SRH 

J I  = qTgl*D*n?/NB (LOW Level)  

52 = q.r-'*XB*ni (High Level)  

1 

B 
Numerical c a l c u l a t i o n s  are performed fo r  s i l i c o n  cel ls  wi th  base layer t h i c k -  
n e s s  of XB=50 microns a t  24.0C where ni=l.OEIO an'3. 
t i o n  rate of C0qi=0.62E6 is employed w h i l e  t h e  i n t e r b a n d  Auger rates are: 
Co=2.8E-31 and Cp=0.99E31 cm6/s. 
recombination l o s s  w i l l  reduce t h e  u l t i m a t e  e f f i c i e n c y ,  a base lifetime of 
100 u s  and d i f f u s i v i t y  of 20 c d / s  are assumed. 

The R a d i a t i v e  r ecmbina -  

To i l l u s t r a t e  the  c o n d i t i o n  a t  which t h e  S R H  

The r e s u l t s  are t a b u l a t e d  i n  Table  11. T h i s  table a l s o  shows t h e  r e s u l t s  
of two ohmic-contact cel ls  t o  i l l u s t r a t e  t he  effect of surface and i n t e r f a c e  
recombination. They are d iscussed  i n  t he  n e x t  s e c t i o n .  

Table  I1 shows t h a t  t h e  u l t i i na t e  e f f i c i e n c y  l i m i t e d  by Radia t ive  recombina- 
The Auger lilnits are computed for the  extremes of t h e  t i o n  a l o n e  is about 25%. 

i n j e c t i o n  l e v e l s  and both  are close t o  che 25% R a d i a t i v e  l i m i t .  
i n j e c t i o n  l i m i t  of the  Auger case is reached i f  t h e  majority carrier or  doping 
impuri ty  concentraticjn i n  t h e  base layer is less t h a n  about  5 E 1 6 ~ m ' ~  fo r  the  
50 um base t h i c k n e s s  which g i v e s  a to t a l  csrrier d e n s i t y  i n  the base of 
2.5E14 Designing and o p e r a t i n g  t h e  ce l l  i n  t h e  h igh  l e v e l  Auger 
range by reducing t h e  base doping may h e l p  i n  main ta in ing  t h e  h igh  S R H  
recombination lifetime which is necessary  t o  a c h i e v e  t h e  h igh  e f f i c i e n c y ,  b u t  
the  s e n s i t i v i t y  t o  surface recombinat ion becomes more s e v e r e  a t  t h i s  h igh  l e v e l  
as i n d i c a t e d  i n  the  tab le  and d iscussed  i n  t h e  next  s e c t i o n .  

The high 

Table  I1 also g i v e s  t h e  r e s u l t s  of S R H  recombination loss a t  both low and 
high i n j e c t i o n  l e v e l s .  Two des ign  ideas may be drawn. (i) High l e v e l  
inJec t ion  should be avoided. 
observa t ion  tha t  t h e  h i g h  l e v e l  recombination c u r r e n t  law, exp(qV/2kT), g i v e s  
a softer i l l u m i n a t e d  I - V  curve  and hence lower f i l l  f a c t o r  and e f f i c i e n c y .  
(ii) Table I1 a l s o  shows t h e  c o n d i t i o n  a t  which SRH recombination loss w i l l  
becme important t o  lower t h e  u l t i m a t e  e f f i c i e n c y .  The example assurr,esaSRH 
recombination lifetime of 100 u s  t o  g i v e  a 23% e f f i c i e n c y .  
SRH base lifetime must be greater t h a n  about 1000 us  or 1 m s  which is a t  t h e  
l i m i t  of state-of-the-art fo r  VLSI grade s i l i c o n  crystals. 

Th i s  was a r r i v e d  a t  prev ious ly  by a s imple  

To reach 252, t h e  
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TABLE 11 

ULTIMATE PERFORMANCE OF SILICON SOLAR CELLS 
(Including the Effect of Surface Recombination) 

IRadiat./ 5.0x10-16 
Recomb. 36.0 I817 I 0.8637 25.4 I 1 

36.0 786 0.8966 25.4 213 

36.0 776 0.8582 24.0 1 

36.0 746 0.8540 23.0 1 

36.0 634 0.8354 19.1 1 

36.0 666 0.7415 I 17.8 2 

cax .3 B i  
CaxBn:NB 

IOhmic AI 6.4~10-~ 1 36.0 I442 10.6645 1 10.61 2 IDx,'ni 

Tz24'C; =1010cm-3; Areas1 cm'; \=SO urn; NB=lOl7Cm3; D= "i 

3.1 

0.33 
14 

~ 

50 

4000 

50 
7 
4000 
I 

2 !Ocn I s ;  
t =lo0 ps; PN = 100 mW(AM1.5); L=Low Level; H=High Level; B 

IV. EFFECTS OF SURFACE AND INTERFACE RECOMBINATION 

The influence of surface and interface recombination on the effi,*ency 
of high efficiency cells is quite large, which has been both demcnstrated 
in the laboratory [4,5,6; and recognized from simple device modeling. 
latter will be presented in this section. 

The 

To provide a quantitative idea of the importance cf recombination at the 
surfaces and interfaces of a solar cell, the bulk recombination losses may be 
written in terms of an effective recombination velocity so that its magnitude 
can be compared with the surface and interface recombination velocity at the 
real surfaces and interfaces of a solar cell. This effective recombination 
velocity can be defined both at the low and high injection levels. 
following two sutsections, 4.1 and 4.2, the effect of surface recombination 
will be considered for two cases. 

In the 
I 
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4.1 THE EQUIVALENT RECOMBINATION VELOCITY OF A BULK RECOMBINATIOF! PROCESS 

The equivalent recombination velocity of a bulk recombination process 
which occurs in a volume element, such as the base region, can be defined as 
that velocity at the minority carrier entrance surface which would produce the 
same recombination current. These are illustrated in Fig.2 for several 
recombination locations, some cf which arc the trge interface recombination 
velocities and others are tne equivalent recombir. :on velocities. For example, 
SE and SB are the equivalent recombinatioc. velocities of the quasi-neutral 
emitter and base layers at the minority carrier entrance or injection 
interfaces. The true ifiterface recombination velocity illustrated in Fig.? 
is SFI, the recomtination velocity at the front oxide/silicon interface. 
Another equivalent recombination velocity in Fig.2 is SBI which is the 
effective recombination velocity of minority carriers flowing into the n+ 
BSF layer at the n/n+ entrance surface. 

These equivalt3t recombination velocities may be explicitly defined to 
give accurate numcrical estimates on the importance of true interface 
recombination loss. They are defined through the dark current density, 

J1 = q*PB*SB + q*NE*SE 

which, when cclmbined with the dark ctlrrent expressicn listed in Table I1 and 
section 3.2, gives 

SB = (XB/T,) + SBI + SBA + SBO 
and 

SE = (XE/T~) + SFI + SEA + SEO 

Here. XB and XE are the base and emitter layer thickness; SBI and SFI are the 
effective and real recombination velocity at the back and front interfaces; 
SEA and SEA are the effective recombination velocities from volume 
interband Auger recombination in the quasi-neutral base and emitter layers; 
and Si30 and SEO are those from volume interband Radiative recombinations. . 

These especially simple expressions are applicable for base and emitter layers 
which are thin compared with the minority carrier diffusiorl length, a 
condition that holds well in a high efficiency cell. They are given by 

! 
I 

3 

SBT 5 XB/TB 
SBA = Ca*XB*NB2 
SBA = Ca*XB*n?exp(qV/kT) 
SBO = Co*XB*Nb 

(All Level SRH) 
(Low Level Auger) 
(High Level Auger) 
(All Level Radiative) 

for the base layer, and a similar set for the emitter layer. 

The numerical values are computed and iisted iri Table 11. It is evident 
that the effective recombination velocities of the limiting loss mechanisms 
are extremely low at the ultimate 25% efficiency. 
for the Radiative recombination loss to give the 25.4% efficiency illustrates 
the importance to have low surface recombination interfaces. Unless the inter- 
face recombination velocity is reduced substantially below 3.1 cm/s, rec0mbir.a- 
icn losses at the interfaces will seriously reduce the efficiency. 

The value of 3.1 cm/s 
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The rather small value of 0.33 cm/s for the high-level Auger l i m i t  shown 
i n  Table 2 i l lus t ra tes  the large carr ier  density and the very h ish  Auger 
recombfnation r a t e  i n  the base. 
recombination even more sensitive. 

Th i s  makes the dependence on the surface 

4.2 EFFECT OF OHMIC CONTACT AND THE BACK-SURFACE-FIELD 

Table I1 gives another example which i l l u s t r a t e s  the importance of having 

T h i s  example ar ises  from the question: Can the back surface f i e ld  layer 
a back surface f i e ld  layer t o  reduce the effect  of back surface recombination 
loss. 
be replaced by a thick base and still have a very high efficiency? 
a practical question since the BSF layer requires extra ce l l  fabrication 
processing a t  high temperatures which usually reduces the b u l k  lifetime i n  the 
quas i- ne u t  ra l  base. 

T h i s  is 

Since a thick base means more Auger aiid Radiative recombination lass, an 
ideal device model can be se t  up to answer the above question. I n  t h i s  mode, 
the only recombination i n  the base is the minute Auger and Radiative 
recombination and there is no BSF so that  the injected minority carr iers  face 
the f u l l  recombination a t  the Silmetalcontact on the back surface. The 
interface recombination velocity a t  the back Si/Metal interface is assumed to  
be in f in i te  or a perfect ohmic. Then, the dark current due t o  t h i s  component 
is givm by 

J1 = q+DB*XB-l*( t ~ i / h B )  ; SB=DB/XB (Low Level) 

J1 = q*DB*XB'*(%); SB=DB/XB (High Level) 
and 

To determine the thickness required t o  reduce the efect of interface 
recombinaticn a t  the back surface below that of Auger recombination i n  the 
[uasi-neutral emitter, we se t  the two recombination velocities or J1 equal. 
Consider the low level case, we have 

XB*C?*NB*n: - DB*4/(NB*XB) 

NB*XB - SQRT(DB/* 1 = SQRT(20l2.8E-31) = 1 . O E l 6 ~ m ' ~  
or 

Thus, for a base doping of NB=l.OEI'I, we need t o  hi?-;s a base thickness of 
XB=lOOOurn=lmm, an impractical result .  Th i s  shows the importance of having a 
good high-low potential barrier on the back surface t o  reduce the back surface 
recombination loss. 

t 
Y 

I V .  EVALUATION OF THREE RECENT HIGH-EFFICIENCY CELLS 

Silicon solar ce l l s  with efficiency approaching 20% ( A M I )  have been 
fabricated i n  the laboratory. Innovative ce l l  designs have been deVelQped t o  
reduce interface and emitter recombination losses. 111 t h i s  sectiorr, 
the experimental data of the best ce l l s  of three industrial laboratories are 
compared with that predicted by the ideal diode ce l l  theory which was used t o  
produce Table I.  From a comparison of the theory and experiments, i t  appears 
that  b u l k  recombination i n  the quasi-neutral Lase via the SRH mechanism is the 
l i m i t i n g  loss  on a l l  three cel ls .  
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(A) 

3. ~ ~ 1 0 - l ~  
6.6~lO-l~ 
3.2~10-~~ 

1. 2x10-12 
--- 

The experimental and computed ce l l  performance parameters are tabulated 
i n  Table 311. The first th-ee rows are  for the highest performance s e l l  frcm 
Green [ t e d  and l i s ted  i n  the first row. 
all higher than the measured v81ues* suggesting effects  frcm several sources. 

The computed resul ts  are  

(a) ' (mV) 1 ( X )  

35.6 660 0.8402 19.7 
35.6 641 0.8350 19.0 
35.6 641 0.822 18.7 

35.9 627 0.8340 18.8 
35.9 627 0.800 118.0 

TABLE I11 

PERFORMANCE OF THREE H I G H E S T  EFFICIEMCY SZLICCN SOL.AR 
COMPARISaN WITH IDEAL DIODE CELL THEORY 

2.0~10-~~ 36.2 605 
2.4~10-l~ 36.2 600 

2.0~10-~~ 36.2 600 
I 

SOURCE 

0.8296 18.2 
0.8286 18.0 

0.793 17.2 

Theory 

Theory 

GREEN 

Theory 

SPITZEI -- 
Theory 

Theory 

ROHATG 

FF 1 EFF J1 I Jsc I "OC I 

CELLS AND 

The second two rows are for  the best ce l l  from Spitzer [ 5 ] .  The theory 
is computed using t h e  measured JSG35.9 and VOCa627mV. 
f i l l  factor,  0.8340 compared w i t h  measured 0.800 suggests possible se r ies  
resistance loss i n  the actual ce l l  which is not accounted for i n  tne ideal 
diode ce l l  model. 

The larger computed 

The t h i r d  three rows are for the best cel l  from Rchatgi C61 which is a 
higher res i s t iv i ty  cel l  (4 ohm-ca versus the 0.1 t o  0.3 ohm-cm of Green and 
Spitzer). The first theory row is based on the measured J1=2E-12 and JSCs36.2 
which gives VOC=605mV, FF-0.8296 and EFF=18.2%. The measured VOC and the 
theory are  quite close, only 5 mV different,  and the lower observed efficiency 
is mainly due t o  the lower experimental f i l l  factor which again suggests 
possible ser ies  resistance losses i n  the real  cel l .  

I n  a l l  three cases, the computed and the measured cel l  performance data 
are quite close, indicating that low level recombination i n  the quasi-neutral 
base layer via the thermal or Shockley-Read-Hall mechanism a t  defect and 
impur i ty  recombination s i t e s  is the dominant loss  mechanism. Further 

i 
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improvement to achieve efficiency greater than 20% must depend first on 
identifying the base recombination center species and then reducing their 
density further. 
substantially reduced in these three 
less than 205, these losses m y  be important again arid must be further 
reduced at higher efficiencies. 

Although emittar bulk and surface recombination are 
cells so that they are not important at 

VI. CONCLUSION 

IntezbanC Auger and Radiative recombination losses in the base layer limit 
the AM; efficiency t.0 about 255 in silicon solar cells with a base thickness 
of about 50 microns. Increasing the thickness will increase the efficiency 
only slightly, via higher short-circuit current. In order to eliminate the 
influence of recombination losses in the base due to the SRH thermal 
recombination mechanism at impurity and defect centers, the base lifetime must 
be greater than about 1 ms or an equivalent recombination trap density of 
less than 1 El 1 In addition, all interface and swface recombination 
losses must also be reduced to give a effective recombination velocity of less 
than about 1 cuds. These very strin&ent requirements indicate that the latest 
state-of-the-art silicon VLSI technology is needed to provide the nearly perfect 
silicon crystal and the very clean and low-stress fabrication techniques which 
are necessary to produce very-high-efficiency solar cells that will approach 
the ultimate theoretical limiting efficiency. 
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Figure 1 A cross-section view of solar cell shoring the 
dominant recombination processes and locations. 
RADIATIVE and AUGER are the interband radiative 
and Auger recombination mechanisms. SRH I s  the 
Shockley-Read-Ball thermal recombination at 
defect and impurity recombination centers. Recon- 
bination Occurs both In the bulk layers and et the 
interfaces between oxide. silicon and metal(dark). 

Figure 2 A Gross-section view of solar cell shoring the recom- 
bi-stion velocity 'representation of the recombinat ion 
rates. 
velocities of volume recombination processes. SFI. 
SFh, 
velocities at the front oxide/silicon, front metal/ 
silicon, tack oxfde/silicon and back metal/silicon 
Interfaces. 

SE, SB and SBI are the effectlve recombiantion 

and SBM are the real interface recornbination 
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DISCUSSION 

PRINCE: While we have this slide on here, if you remove the very heavy doping 
on the surface, how would that affect the efficiency? 

SAH: We can do a quick calculation. Let me just illustrate this with a view- 
graph so you can see how to go about doine that. 

TAM: Can I make a comaent? I have done a similar calculation by taking the 
tail off and I see a Voc goes up by about 20 millivolts. 
with 1019 and come all the way down, y0.m Voc goes up by 20 
millivolts. 

If you start 

SAH: My model here is based on all of these being from the emitter; then I 
can get a good agreement. 
it is not at all, it is just an emitter -- then it is going to make quite 
a substantial difference. 

If the base is not a limiting factor -- suppose 

QUESTION: Where did the profile come from? Is that an experimental profile: 
Did that come from spreading resistance? 

SAH: No. Thit is from SI=. 

LAUDSBBRG: I have a quick question about the possibility of radiative-limited 
lifetime. If that was ever achieved, or i f  that ever occurred, one would 
obviously have practically 100% radiative converter and although, in one 
way of looking at it, it is bad to have some limit on the efficiency by 
this recombination mechanism; I could perhaps take advantage of it. Do 
you think there is any example where the efficiency is really radiative- 
limited? It would be quite interesting, it is just a hypothesis. 

SAH: I donet know of any example. The highest one that is recorded so far is 
still only 19%. 

SCHRODER: If you drop the surface concentration more and more, what do you 
think happens to the contact resistance? Have you looked at that? 

SAH: No. I have not taken any contact resistance. 

LOFERSRI: Just what is the difference between the high and the low level 
Auger recombination? 

SAH: The low-level Auger follows the ideul Shockley diode because the minority 
carrier density increases very little compared with base doping. 

I 
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Phi ladelphia,  PA 19104 

INTRODUCTION 

The s t ruggle t o  improve the e f f i c i ency  of s i l i c o n  so la r  c e l l s  has been going 
on as long as these devices have been a commercial product. The reason i s  simply 
t h a t  e f f i c iency ,  as wel l  as operat ing l i f e ,  i s  an economic a t t r i b u t e  i n  t h e i r  
app l i ca t ion  as p a r t  o f  a system. Fig. 1 i l l u s t r a t e s  the e f f i c i ency  improvements 
made dur ing the t h i r t y  year existence of the s i l i c o n  so la r  ce l l s ,  from about 6% 
e f f i c iency  a t  the beginning t o  19% i n  the most recent experimental ce l l s .  
C e a r l y  the progress has no t  been a steady one. I n  the more s ta t ionary  periods, 
the e f f o r t  was more or iented towa -ds improving rad ia t i on  resistance avd y i e l d s  
or the production l ines,  while, i n  other  periods, the emphasis was more d i rec ted  
t o  reaching new leve ls  of e f f i c i ency  through be t te r  c e l l  design and improvpd 
mater ia l  processing. The l a s t  few years were again i n  such an "e f f i c i ency  push" 
period. and encouraging f i r s t  resu l t s  have been forthcoming f r o 1  the recent 
e f fo r ts .  Nevertheless, considerdbly mcre e f f i c i ency  advancement i n  s i  1 icon so la r  
c e l l s  i s  expected, and an t ic ipa ted  attainment o f  e f f i c i enc ies  s i g n i f i c a n t l y  above 
20% (AM 1.5) i s  being more and more discussed. Whether t h i s  goal w i l l  be 
achieved i s  an open question, as major advances i n  mater ia l  processing en: i n  
the resu l t i ng  mater ia l  perfect ion w i l l  be required. 

The achievements along the road t o  e f f i c i ency  improvement are best gauged 
by an analysis of the contr ibut ions o f  the i r d i v i d u a l  p r i nc ipa l  105s mechanisms 
t o  the overa l l  performance o f  a given device. 
Table I, which l i s t s  the ind iv idua l  performance a t l r i b u t e s  o f  the milestone so la r  
c e l l s  of the l a s t  f i f t e e n  years. 
ment represwted i n  the tab le  was or iented towards app l i cc t i on  i n  space. 
Therefore, the ava i lab le  performance data are a l l  based on AM9 so la r  rad iat ion,  
whi le  the data for the more recent c e l l s  are based on AM 1.5 sunl ight .  To permit 
comparison i n  Table I, the space c e l l  data were converted t o  AM 1.5 sunl ight ,  
using tne spectral  responses o f  the c e l l s .  

Such analyses are presented i n  

Between 1959 and 1978. a l l  so la r  c e l l  develop- 

Table I indicates t h a t  the improvements achieved i n  the 1970s on the space 
c e l l s  included p r imar i l y  an advancement o f  the c o l l e c t i o n  ef f ic iency,  and a 
reduct ion o f  the "secondary" loss factors ,  such as res idual  ref lectance, o r  
ser ies resistance losses. 
improvement f o r  t e r r e s t r i a l  appl i ca t ions , f u r t h e r  advances have been made i n  the 
reduct ion o f  the impact o f  these secondary losses, b u t  the main emphasis has been 
placed on the improvement of the voltages . 

I n  the more recent e f fo r ts ,d i rec ted  a t  e f f i c i e n c y  

A study o f  the data i n  Table I leads t o  an evaluat ion of the status of 
s i l i c o n  so la r  c e l l  technology: the technology i s  avai lab le t o  decrease a l l  the 
secondary loss mechanisms t o  the l eve l  where e f f o r t s  for  t h e i r  f u r the r  reduct ion 
w i l l  be f a i r l y  unproductive; the basic c o l l e c t i o n  e f f i c i ency  has been improved 
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t o  the po in t  where the beginning o f  i t s  "saturat ion"  w i t h  fur ther  reductions o f  
m i  no r i  t y  c a r r i e r  recombination has been reached; and fu r the r  improvements are 
p r i m r i l y  t o  be achieved i n  the area o f  voltage increases through reduced 
m i  nor ! ~y c a r r i  e r  recombi na ti on. 

MINORITY CARRIER RECOMBINATION AFtU SOLAR CELL EFFICIENCY 

' .  (: A study o f  the loss mechanisms and o f  t h e i r  impacts, as displayed i n  
Table I, reveals tha t  recombination o f  m ino r i t y  c i r r r ie rs  i s  the majo- basic 
e f f e c t  which present ly l i m i t s  the e f f i c i ency  o f  so la r  c e l l s .  
ef f ic iency value i s  associated w i t h  each leve l  o f  the recombination rP te  i n  the 
device. The u l  t inlate e f f i c iency  i s  reached when the only  e f f e c t i v e  recombina- 
t i o n  mechani sms are rad i  a ti ve and d i  r e c t  band- to-band recombi nation. 

Thus, a maximum 

An inves t i ga t i on  of the re la t i onsh ip  between recombination rates and 
maximum achievable e f f i c i ency  i s  most transparent when i t  i s  car r ied  out  3n 
the "basic" so la r  c e l l  (Fig. 2).  
are absolutely necessary f o r  i t s  funct ion ing as a so la r  c e l l .  
a volume f o r  the absorption o f  photons and generation of free charge car r ie rs :  
a po ten t ia l  b a r r i e r  f o r  the device t o  perform as 1 generator; and contacts f o r  
the ex t rac t ion  o f  a current. 
as idea!, a n i  omits a d i r e c t  considerat ion c r  t h e i r  funct ioning. 
ana;ysis 2150 chocses thcsf  impur i ty  concentrations which, i n  considerat icn o f  
minor i ty  c a r r i e r  recombination, provide the highest e f f ic iency.  
the same impur i ty  densi ty on both sides o f  the junct ion.  

This device contains only those par ts  which 
'hese par ts  are: 

The basic analysis even considers the contacts 
The idea l i zed  

I t  then uses 

Recmbination takes place both i n  the volurz! and a t  the surfaces o f  the 
device. I+. i s  p rac t i ca l  t o  s t a r t  the inves t iga t ion  w i th  the assumption tha t  a l l  
surface recombination v e l o c i t i e s  can be made equal t o  zero, and that the volume 
m.irlority c a r r i e r  l i f e t imes  are equal i n  a l l  par ts  o f  the device. This 
el iminates most irlfluences of the device s t ructure.  Alsc, o ther  device perfor- 
mance in f luenc ing  e f fec ts  are, a t  f i r s t ,  assumed t o  contr ibute zero losses. 
These considerations lead Ss CY:? 1 o f  Fig. 3, which represents e f f i c i e n c y  as 
function o f  the minor i ty  c a r r i e r  l i f e t i m e  i n  such an idea l i zed  device, essen- 
t i a l l y  as an upper l i m ' t  f o r  the achievable conversion e f f i c i enc ies .  
i s  bas i ca l l y  composed o f  two s t r a i g h t  l i n e s  i n  t h i s  semilogarithmic p l o t .  Below 
about 1 ms l i f z t ime,  where the curve i s  represented by the s t r a i g h t  l i n e  w i t h  
the greater  slope, the recombinatioii i s  s t r i c t l y  determined by a varying denzi ty 
o f  recomb:nation centers as described by the Shockley-Read-Hall theory. The 
resu l t i nq  va r ia t i on  o f  the l i f e t i m e  a t  constant r e s i s t i v i t y  i s  ind icated by the 
v e r t i c a l  p a r t  o f  the dashed l i n e  i n  F i g .  4. Above the value of approximately 
1 ms, the l i f e t i m e  i s  dominated by Auger recombination, t ha t  i s  d i r e c t  band-to- 
band recombination ra the r  tha t  recombination v ia  centers. 
t o  achieve a higher minor i ty  c a r r i e r  l i f e t i m e ,  the impur i ty  concentrat ion has 
t o  bc. reduced. 
ti ons o f  Shockley-Read-Hall type recombination and Auger recombination are 
equal, the dashed l i n e  i n  Fig.  4 approximately represents t h i s  condi t ion above 
the 1 ms l i f e t i m e  tralue. I n  t h i s  case, Shockley-Read-Hall recombination i s  

The curve 

From t h i s  p o i r t  on, 

As maximum sn la r  c e l l  performance i s  obtained when the contr ibu- 

the independence 
i fec ime)  up t o  the 
ms i fe t imes,  the 
IO 14 cm-3, 

assumed t o  be dominated by deep t rap leve ls ,  which resul  
o f  the l i f e t i m e  from the impur i ty  concentration (sa tura t  
t r a n s i t i o n  t o  Auger recombination. Thus, f o r  the 10 and 
impur i ty  concentration has t o  be reduced t o  1.5~1016 and 
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respect ively.  Also, because o f  the d i f ference i n  Auger coef f ic ients ,  a small 
d i f ference i n  the minor i ty  c a r r i e r  l i f e t i m e  values f o r  the n and the p reg;“n 
i s  obtained i n  these cases. 

As Fig. 4 shows, the l i f e t i m e  values i n  recent ly  obtained FZ ingots  f a l l  
Q, -’1 below the Auger 1 ine, and are thus domi x t e d  by recombination v i  a centers. 
For the e f f i c i ency  improvements expected i n  the fu ture,  i t  w i l l  become necessary 
t o  reduce the recombination center densi ty so f a r  t h a t  Auger recombination w i l l ,  
i n  e f fec t ,  become the l i f e t i m e  l i m i t e r .  

The dzta discussed so f a r  are those t y p i c a l l y  obtained by use o f  f u l l y  
ana ly t i ca i  modeling. Such modeling i s  r e s t r i c t e d  t o  low leve l  i n j e c t i o n .  
Estimation o f  the excess minor i ty  c a r r i e r  densi t ies i n jec ted  across the junct ion 
a t  open r i r c u i t  voltage s k l r s  t ha t  the low leve l  i n j e c t i o n  condi t ion (e.g., 
np << s t a r t s  t o  be v io la ted  between the 1 ms and :O ms bulk  l i f e t i m e  
values. This would no t  be o f  much consequence were i t  not  f o r  the fact  t ha t  tk,e 
minor i ty  c a r r i e r  li fetime values nave been chosen t o  be a t  the edge o f  dor i  na- 
t i o n  by Auger recombinction. 
decrease f o r  increasing l i f e t ime  values, whi le  the excess minor i ty  c a r r i e r  
concentrations increase. Thus, the e f f e c t i v e  l i fe t imes are determined by the 
excess c a r r i e r  concentrations, because of Auger recombination, ra the r  than by 
the recombinaticn center density. This leads t c  an ef f ic iency saturat ion which 
i s  indicated iQFig.  3 by the wavy l i nes .  Such an e f f i c i ency  l i m i t a t i o n  has 
recer,tly a lso been discussed by Green i l l  and 5y Tiedje eL 31 [2;, who both 
found t h i s  l i m i t a t i o n  t o  be less severe for  very t h i n  ce l l s ,  wherk f t  ac tua l l y  
can approach the rad i  a ti ve reccmbi na ti on 1 i m i  t near 30%. 

I n  consequence, the impur i ty  densi t ies had t o  

I t  has been seeti repeatedly tha t  the influence of the surface recombination 
ve loc i t y  on the e f f i c i ency  has the shape of an S-curve (Fig.  5), with p r x t i -  
c a l l y  no performance impact below a ce r ta in  valiie o f  surface recombination 
ve loc i ty .  Above t h i s  value, the so la r  c e l l  pe r fomnce  fa1 I s  o f f  ra the r  
rap id ly ,  u n t i l  i t  reaches a lower sa tura t ion  leve l .  
t o  determine t h i s  threshold value f o r  the surface recombination ve loc i ty .  
a range o f  surface recombinatir 
c a r r i e r  1 i fe time, surface recombi na t! on threshold values have been de termi ned , 
defined as tha t  value a t  which the power output of the device has been reduced 
by 2.5%, from i t s  s = 0 value. 
the back surface, and then for  the f r o n t  surface, leading t o  a t o t a l  reduct ion 
i n  power output o f  5%. Surface recornbination on the general ly narrow edges o f  
the device has been neglected i n  t h i s  process. The r e s u l t  i s  curve 2 i n  Fig.  3. 
The surface recombination ve loc i t y  threshold values themseives are given i n  
Fig. 6. Two curves are presented, as the threshold values d i f f e r  f o r  the f r o n t  
and the base surface recombina+ion ve ioc i  :ies f o r  the given device s t ructure,  
which has a nominal junctio’l depth o f  2 pm. I t  i s  noteworthy tha t  the surface 
recombination ve loc i t y  thresholds l i e  aboqfe 100 cm/s, and i n  the 30-60 cm/s 
range f o r  bulk l i f e t i m e s  o f  100 ps and 1 ms, respect ive ly  Such ve loc i t y  values 
are at ta inable w i t h  current  technology. However, t o  achieve the highest 
e f f i c i ency  values, the surface recombination ve loc i t i es  have t o  be reduced below 
the 1 cm/s leve l .  

I t  i s  thus o f  i n t e r e s t  

ve loc i t y  values fo r  each value o f  m ino r i t y  

This process has been car r ied  ou t  f i r s t  f o r  

Using 

I n  the device geometry chosen, the n i n o r i t y  - r i e r  l i f e t i m e  i n  the f r o n t  
region can be less tban assumed f o r  F i g .  3. .1 r.. ,. ~ t i v i t y  analysis s i m i l a r  t o  
tha t  car r ied  out for the surface recombinatioc v e r i c i  t i e s  provides the 
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"threshold" value for the f r o n t  region minority carrier lifetime. 
as that value a t  which the power o u t p u t  i s  degraded by 1%. The r e s u l t i n g  l i fe -  
time is  shown i n  Fig. 7 for  the various efficiency levels. As Fig.  7 shows, 
the threshold front region minority carrier lifetimes are approximately two 
orders of magni t u &  lower than those required for the bsse region. These lower 
front region values are more readfly achievable i n  device fabricztion than the 
original h igher  ones. 

I t  i s  defined 

Finally, there is an optimum device thickness connected w i t h  every minority 
carrier lifetime value. T h i s  thickness constitutes the peak value of a rather 
f l a t  maximum. Figure 8 presents the optimum base thickness as function of the 
minority carrier lifetime for the efficiency values of Fig. 3. 
Fig. 8 that a 500 vm thick device is best for lifetime values above 1 ms, with 
the optimum thickness dropping off rapidly for lower lifetime values. The 
application of texturing was found to permit t h e  u;e of a reduced thickness, 
as would be expected from i t  as we1 1 as from other l i g h t  trappins measures. B u t  
i t  is also seen t h a t  the t e x t w i n g  provides only a small efficiency improvement 
a t  the highest  efficiency values,as indicated by the cross in Fig. 3. 

To obtain a conception of real is t ical ly  achievable efficiencies, the values 
of curve 2 i n  Fig. 3 have been reduced by another lo%, i n  order t o  account for 
the effects of the secondary losses. I t  i s  known that these losses, i n  combina- 
tion, are reduceable to this level by application of the best current technolo- 
gies. 
base minority carrier lifetime of 100 us, an efficiency of 13.8% should be 
achievable, which i s  a value n q t  much above the one achieved so fa r  i n  +he best 
devices w i t h  somewhat lower lifetimes. I t  also shows that a lifetime value near 
a mill+ .econd will be needed to achieve 22% efficiency. While millisecond 1 .fe- 
times should be achievable by a combination o f  today's best technologies i n  
semiconductor material processing, the achievement of efficiencies above 22% 
will require a considerable advancement of the material science of silicon. 

I t  is seen i n  

T h i s  10% reduction leads t o  curve 3 i n  Fig. 3. I t  shows t h a t  w i t h  a 

CONCEPTS FOR HICH EFFICIENCY SOLAR CELL 9ESIGN 

Evaluatinq the current status of silicon solar cell technology (sumnarized 
i n  Table 11) makes i t  evident that  the technoloqy i s  available to reduce a l l  
the contributions from secondary loqs mechanisms to the level of maximally 
2 to 3% each. T h i s  will be close to the practically achievable limits. 
Secondary loss mechanisms are those which are determ ;led by technology factors, 
and which have a fundamental limit o f  ze-3, w i t h  the excoption of the collection 
efficiency. These secondary losses include the reflectdnce, shading  due t o  
front surface metal coverage, Jaule losses due t o  series resistance, excess 
junction current, etc. 

The evaluation also shows that the (internal) collection efficiency i s ,  
i n  a l l  modern cells.  significantly above 90%. 
cnilection efficiency increasks only slGwly with further reductions of minority 
carrier recombination, giving the effect  of an apparent "saturation." 

tinues t o  increase significan ,ly with continued reduction of minority carrier 
recombination. 

I t  has also been found t h a t  the 

In  contrast to  the collection efficiency, the open circui t  voltage con- 

This i s  the performance attr ibute which has the largest margin 
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f o r  improvement a t  the current status o f  solar c e l l  technolo-gy. The curve 
factor, f i n a l l y ,  increases together wi th  the open c i r c u i t  voltage, although i t s  
increase proceeds s t  a smaller rate. 

A review o f  the progression twards the current high level  of s i l i c o n  solar 
performance indicates tha t  t h i s  level  has been accomplished only by taking c e l l  

a global view o f  the device. The expression "global view" means simultaneously 
considering the influence o f  a l l  loss mechanisms, and reducing each o f  them t o  
the lowest possible level  (Table 111). 
performance determining mechanisms, which act on the same a t t r i b u t e  and which 
cannot be reduced t o  zero, then the optimum performance i s  generally obtained 
when the d i f ferent  contributions are brought t o  equal, low levels.  This rule, 
f o r  instance, applies t o  the contr ibutions t o  the saturation current from the 
base and from the f r o n t  region. A device where the saturation current i s  
c lear ly  dominated by one o r  the other region i s  not optimized u n t i l  the higher 
contr ibution i s  brought down t o  the level  o f  t ha t  from the other region. 

I n  fact, where there are several 

The e f f o r t s  towards ef f ic iency improvement have so f a r  led t o  a number of 
"add-ons" t o  the basic c e l l .  They include: 
t o  reduce the f ron t  layer sheet resistance; ( 2 )  a single o r  dual layer an t i -  
re f l ec t i on  coating; (3)  textur ing of the f ron t  surface to  enhance the ant i -  
re f l ec t i on  e f fec t  and t o  increase the e f fec t i ve  in ternal  opt ica l  path length; 
(4) an opt ica l  r e f l e c t o r  a t  the back surface t o  increase the opt ica l  path 
length ( " l i g h t  trapping"); (5 )  passivating layers a t  the f r o n t  and back surfaces 
t o  lower the e f fec t i ve  surface recombinatior: veloci t ies;  (6)  potent ia l  steps o r  
d r i f t  f i e l d  regions; (7) i so la t i ng  layers; arid (S) reduced area metal l izat ion 
(dot contacts)--the l a s t  three also pr imar i ly  f o r  the reduction o f  the e f fec t i ve  
surface recombination veiocity. This could lead t o  a complicated device 
structure (Fig. 9). A t  least  p a r t  of the purpose o f  applying the measures (3)  
t o  (8) i s  t o  reduce the recombination rates o f  minor i ty carr iers, and t h e i r  
effects and l imi ta t ions w i l l  be considered i n  the following. 

(1) a g r i d  metal l izat ion structure 

The discussions up t o  t h i s  po int  have shown that the reduction o f  minor i ty 
carr ier recombination i s  the key element i n  achieving s ign i f i can t  fur ther  
improvements i n  s i l i c o n  solar c e l l  performance. Contemplation o f  the subject 
reveals that  there are essent ia l ly  three pr inc ipa l  paths avai lable t o  the 
reduction o f  recombination (Table iV). The f i r s t  i s  the normally considered 
avenue o f  decreasing the density c f  recombination centers. 
accomplished i n  the volume of the device and on i t s  sarfaces. 
i s  the reduction of the volume of the material, o r  o f  i t s  surface area, both of 
ahich contain the recombinaticn centers. For the volume, the cowept i s  to  
u t i l i z e  " t h i n  layers" which means that  t h e i r  thickness i s  smaller than the 
d i f f us ion  length, while, f o r  surfaces, i t  i s  p r i nc ipa l l y  t o  reduce the t o t d l  
surface area which contains recombination centers For solar c e l l s  t h i s  would 
be possible only by using opt ica l  cmcentration. A secondary approach i s  t o  
reduce areas o f  unavoidably high surface recombination veloci ty i n  favor of 
surfaces wi th  a lower surface recombination velocity. The typical  example o f  
this approach i s  the reduction o f  the ohmic contact area ("dot contacts"). The 
t h i r d  avenue, f i n a l l y ,  i s  that  o f  reducing the density o f  the Excess minor i ty 
carr iers, as the recombination currents both f o r  the volume and for the surfaces 
are proportional t o  the excess minor i ty ca r r i e r  concontration. The density of 
the excess minor i ty Carrie,-; can be reduced, e.g., i f  t h e i r  f low towards the 
outside o f  the volume i n  .Ich recombination occurs, can be accelerated. This 

This has to  be 
The second avenue 
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p a r t i c u l a r  approach i s  avai lab le for minor i ty  ca r r i e rs  generated by the absorp- 
t i o n  a f  l i g h t ,  which means f o r  the improvement of the co l l ec t i on  ef f ic iency.  A 
second method i s  t o  "shield" the areas w i t h  higher excess minor i ty  c a r r i e r  density 
fm the areas w i t h  higher recombinatior! ra tes by steps of the e l e c t r o s t a t i c  
po ten t ia l  i n  the appropriate d i rec t ion .  
excess minor i ty  ca r r i e rs  w i t h i n  the region of higher recombination rates. 
t h i r d  approach i s  t o  i s o l a t e  regions o r  surfaces w i t h  high recombination rates, 
such as the metal/semiconductor boundaries a t  the contacts, from the regions 
with higher minor i ty  c a r r i e r  density by an in tervening " th i ck  layer." The 
e f fec t  o f  t h i s  " i s o l a t i n g  layer" i s  t h a t  the region w i t h  the higher excess 
minor i ty  c a r r i e r  density "sees" the bulk recombination r a t e  o f  the in tervening 
layer  ra ther  than the higher surface recmbina t ion  r a t e  a t  the other  bounlary 
o f  the th ick  layer. The f i n a l  approach u t i l i z e s  an increased dopant concentra- 
t ion.  
ca r r i e rs  across a forward biased poten ti a1 ba r r i e r .  

This leads t o  a lower density o f  the 
The 

This i s  p a r t i c u l a r l y  e f f e c t i v e  i n  the case o f  i n j e c t i o n  o f  minor i ty  

Having recognized the p r inc ipa l  concept f o r  the reduction of minor i ty  
c a r r i e r  recombination, the question turns t o  the implementation o f  these con- 
cepts. A number o f  device s t ructures and of design concepts are avai lable, each 
of which addresses one o r  two of the p r inc ipa l  paths t o  recombination reduction. 

Reducing the volume o f  the semiconductor i n  which e x z s s  minor i ty  ca r r i e rs  
are present, as a means f o r  reducing recombination, i s  elucidated by considering 
the re la t ionsh ip  for the diode current  (Table V ) .  This current  i s  proport ional 
t o  the t ranspor t  ve loc i t y  which, f o r  i n f i n i t e l y  t h i c k  layers, equals the r a t i o  
o f  d i f f u s i o n  length t o  minor i ty  c a r r i e r  l i f e t ime .  For layers which are t h i n  
compared t o  the d i f f u s i o n  length, however, the t ranspor t  ve loc i t y  approaches the 
r a t i o  of the l aye r  thickness t o  the minor i ty  c a r r i e r  l i f e t ime .  
reduction of the thickness fur ther  reduces the recombination current. I n  a 
so la r  c e l l  i n  the open c i r c u i t  condition, where the diode current  has t o  equal 
the l i g h t  generated current, the in jec ted  excess minor i ty  c a r r i e r  density i s  
proport ional t o  the inverse t r a w p o r t  ve loc i ty ,  t ha t  i s  proport ional t o  the 
minor i ty  c a r r i e r  l i f e t i m e  and inverse ly  proport ional t o  the layer  thickness. 
When the l i f e t i m e s  become very large or the layer  thicknesses very small, the 
in jec ted  excess minori t y  c a r r i e r  d e m i  ty can exceed the magnitudes required for  
the low-level i n j e c t i o n  condi t ion t o  hold, as discussed before, and a t r a n s i t i o n  
t o  Auger dominated recombination can occur. Itius, a reduction of volume recom- 
b ina t ion  may no t  be achieved beyond the po in t  o f  t r a n s i t i o n  tc, Auger recombina- 
t ion. 

Thus, continued 

For the p r i n c i p l e  o f  the reduction o f  the recombination volume, only 
reduction o f  the l aye r  thickness has been discussed. 
t o  be p o t e n t i a l l y  e f f e c t i v e  only  i f  the device cross section For the l i g h t  
generated current  could be made d i f f e r e n t  from t h a t  f o r  the diode current. 

face area which contains a substant ia l  number o f  recombination centers 
Table V I ) .  While i n  p r i n c i p l e  devices can be made smaller, the reduction of the 
"open" surfaces i s  d i f f i c u l t  f o r  so la r  c e l l s ,  as the area i s  needed f o r  the 
absorption of photons from the inc ident  so la r  rad ia t i on  f i ux .  Optical concen- 
t r a t i o n  a lso may not  be a remedy t o  t h i s  s i tua t ion ,  as i t  leads t o  an increased 
l i g h t  generated current  density, which again can more eas i l y  d r i ve  the device 
i n t o  the kucjer recombination regime. 

An area reduction apleai-s 

A second i tem f o r  the rer',rction o f  recombination i s  the reduction o f  sur- 
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Surface area reduction can be very effective, however, where the contact 
areas are concerned, as these represent surfaces of high recombination rates. 
While means seem t o  be avai lab le t o  reduce the surface recombination ve loc i t i es  
a t  the open surfaces, p a r t i c u l a r l y  i f  they do no t  have t o  e f f e c t i v e l y  pass 
inc ident  photons, the contact recombination ve loc i t i es  do not  seem t o  be 
subs tan t ia l l y  reducib le  i n  p rac t i ca l  devices. Thus the approach i s  being 
pursued t o  reduce the weighted average surface recombination velozi ty, by 
reducing the area of high s and replacing i t  w i t h  an increased area of l o w  s .  
L imi ts  t o  the method are approached when the spacing between the areas of high 
surface recombination ve loc i t y  reaches the magnitude o f  the d i f f u s i o n  length. 
Also, when the i nd i v idua l  contact areas become very small, t h e i r  spreadiny 
resistance becomes substant ia l ,  so t h a t  they s t a r t  t o  make a s i g n i f i c a n t  
c m t r i b u t i o n  t o  the ser ies resistance. 

The next p o s s i b i l i t y  f o r  decreasing recombination rates involves a reduc- 

The f i r s t  approach t o  t h i s  i s  "shielding" these 
t i o n  of the number o f  excess minor i ty  ca r r i e rs  avai lab le i n  regions o f  higher 
recombination center density. 
areas by in terspers ing a su i tab le  step i n  the e l e c t r o s t a t i c  po ten t ia l ,  o f ten  
ca l led  a " h i g h / l m  junction," o r  a d r i f t  f i e l d  (Table VII). The e f f e c t  o f  
reduced recombination expresses i t s e l f  i n  the t ranspor t  ve loc i t y  f o r  minor i ty  
car r ie rs  across a rea l  o r  imagined boundary w i t h i n  a given region of the device. 
The reduction of the transport ve loc i t y  by the add i t ion  o f  a po ten t ia l  step i s  
equal t o  the negative exponential o f  the height  o f  the po ten t ia l  step or, 
expressed d i f f e r e n t l y ,  t o  the r a t i o  o f  the major i t y  c a r r i e r  concentrations a t  
the two sides o f  the po ten t ia l  step. 

Such po ten t ia l  steps can be incorporated i n  a semiconductor device i n  many 
d i f f e r e n t  foims. 
doping gradient. 
high/low junctions. Such po ten t ia l  steps may be "accumulation layers" near 
the surface o f  a device, and a r e  present p a r t i c u l a r l y  i n  the cases where an 
insu la to r  covers the surface of the semiconductor, p a r t i c u l a r l y  when i t  i s  
interposed between a metal and the semiconductor. 
the transport ve loc i t y  and should, therefore, be avoided. Going beyond deple- 
t i o n  leads t o  invers ion layers which ac t  more l i k e  f l o a t i n g  pn junctions 
which a lso have been proposed f o r  sh ie ld ing purposes i n  so la r  ce l l s .  The 
f loa t ing  junct ions seem t o  be most e f fec t i ve  when they a c t  as true"emitters," 
which means i n j e c t i o n  only  from the emitter, no recombination current  i n t o  the 
emi t ter .  This may be the only  b e n e f i c i r l  app l i ca t ion  o f  an "emi t ter"  i n  a so la r  
c e l l .  The f i n a l  form o f  a po ten t ia l  step i s  achieved i n  the t r a n s i t i o n  t o  a 
material w i t h  a d i f f e r e n t  bandgap, i.e., a wider bandgap. The t r a n s i t i o n  t o  
the wider bandgap laye r  i s  general ly arranged so t h a t  i t resu l t s  i n  a high/low 
junc t ion  o f  the proper d i rec t ion .  These wide bandgap layers, when applied t o  
the open p a r t  o f  the f r o n t  surface, are general ly designed so as no t  t o  c o l l e c t  
a s i g n i f i c a n t  amount o f  current, but  t o  transmit the photons t o  the ac t ive  semi- 
conductor volume. They are then ca l led  "window layers." 

They may be layers containing a d r i f t  f i e l d  r e s u l t i n g  from a 
When such layers a r e  re la t ive ly  th in ,  they are often ca l ied  

Depletion layers increase 

The use of po ten t ia l  steps has several l im i ta t i ons .  F i r s t l y ,  the use o f  
moderately high doping a t  the low side of high/low junctions, i n  order t o  
achieve a high open c i r c u i t  voltage (Voc), reduces the avai lab le step height. 
This condi t ion i s  fur ther  accentuated by the need t o  avoid the heavy doping 
e f fec ts  on the high side, which can ser ious ly  in f luence the device performance 
S i m i l a r  considerations apply t o  accumulation layers, where i t  i s  i n  some cases 
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also d i f f i c u l t  t o  provide enocgh charge t o  adequately "accumulate" i n  a more 
heavi ly  doped semiconductor. An i tem t o  a lso watch i s  the capab i l i t y  f o r  
avoiding "absorpt ion wi thout  co l lec t ion"  i n  window layers. 
t r a n s i t i o n  between the ac t i ve  semiconductor and the window layer,  a h igh concen- 
t r a t i o n  of i n te r face  s tates can subs tan t i a l l y  increase recombination. 

A t h i r d  approach i s  t o  i s o l a t e  the ac t i ve  volume o f  the device from a 
region w i t h  a high recombinatiorl center densi ty  by in te rspers ing  an " i s o l d t i n g  
layer." i f  such ari interspersed laye r  i s  t h i cke r  than the d i fuss ion  length 
w i t h i n  it, then the t ranspor t  ve loc i t y  a t  the i n te r face  between the ac t i ve  
volume and the i s o l a t i n g  l aye r  i s  determined only  by the r a t i o  o f  d i f fus ion 
length t o  minor i ty  c a r r i e r  l i fe t ime,  and i s  p r a c t i c a l l y  independent o f  the 
t ranspor t  ve loc i t y  a t  the other  boundary o f  the i s o l a t i n g  layer ,  which, e.g., 
may be the high e f f e c t i v e  surface recombination ve loc i t y  o f  a metal/semiconduc- 
t o r  in ter face (Table V I I I ) .  
i s o l a t i n g  l aye r  i s  t ha t  the L/T r a t i o  has t o  be adequately high, c e r t a i n l y  
higher than t f e  t ranspor t  ve loc i t y  a t  the outside boundary o f  the i s o l a t i n g  
layer. 
severely degrade the c o l l e c t i o n  ef f ic iency.  

I n  addi t ion,  a t  the 

The l i m i t  t o  the e f fec t i vL iess  o f  such an 

A ~ s G ,  if such an i s o l a t i n g  layer  i s  placed i n  the op t i ca l  path, i t  can 

More and more use i s  being made o f  such i s o l a t i n g  layers.  They appeared 
f i r s t  i n  connection w i t h  the high/low junct ions appl ied i n  the base of so la r  
ce l l s ,  which f requent ly  go under the name "BSF structures."  The use o f  such 
i s o l a t i n g  layers has also been proposed f o r  the f r o n t  region of the device, 
where they arc  l i m i t e d  t o  the area shaded by the ohmic contacts (Fig.  l o ) ,  whi l e  
another recent high e f f i c iency  design uses an i s o l a t i n g  l aye r  i n  the base wi th-  
out  app l i ca t ion  of the high/low junc t ion  ( F i a .  11). 

A comnonly used approach t o  reducing the densi ty o f  i n jec ted  excess 

i s  inverse ly  propor t ional  t o  the ma jo r i t y  c a r r i e r  

A t  the open c i r c u i i  condi t ion,  

I 

minor i ty  car r ie rs ,  e.g., 

np,o (Table IX) .  
concentration and :h!equently the dopant concentration. This reduces the 
saturat ion current,  and y i e l d s  a higher VOC. 
however, the excess minor i ty  c a r r i e r  concentrat ion i s  returned t o  the same 
value as present i n  the case of lower dopant concentration. The l i m i t s  of 
achieving improvments through higher dapant concentrations are reached by the 
onset of Auger r z c m b i  nat ion,  and deleter ious e f fec ts  are experienced 
through bandgap narrowing. 

, and t o  consequently achieving higher open c i r c u i t  i 
vol tages , i s t o  decrease nE t e thermal equi 1 i b r i  urn m i  n o r i  ty c a r r i e r  concentrat ion 1 

A f t e r  a l l  these avenues ava i lab le  through device s t ruc tu r ing  p o s s i b i l i t i e s  
are exhaust?d, then the only  recourse l e f t  f o r  the reduct ion of recombination 
becomes the decredse of the recombination center densi ty i t s e l f  (Table X). 
For those o f  these centers which are located i n  the volume o f  the mater ia l  
(bulk centers) , the i n t e r e s t  focuses on the o r i g i n a l  mater ia l  processing 
( c rys ta l  growth), and on the fu r the r  r o l e  o f  these prev ious ly  introduced centers 
dur ing device processing. I n  the o r i g i n a l  mater ia l  processing, a t ten t i on  needs 
t o  be d i rec ted  t o  the reduced incorporat ion o f  impur i t ies  which cause recmbina-  
t i o n  centers; t o  the avoidance o f  c rys ta l  defect  in t roduct ion,  
p a r t i c u l a r l y  through contro l  o f  the thermal environment dur ing c rys ta l  growth; 
t o  the ro les  of oxygen and carbon which are present i n  the s i l i c o n  i n  r e l a t i v e l y  
high concentrations; and t o  the formation o f  defect  complexes, and p a r t i c u l a r l y  
t o  t h e i r  ro les  i n  forming o r  neu t ra l i z i ng  recombination centers. 
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The second area, device processing, i s  equal ly  important fo r  the reduct ion 
o f  the recombination center densi ty  i n  the f i n a l  device. The f i r s t  and most 
obvious po in t  o f  a t ten t i on  i s  the prevent ion o f  the i n t roduc t i on  of new l i f e t i m e  
k i l l i n g  impur i t ies .  A second approack i s  t o  remove e x i s t i n g  defects i n  the 
mater ia l  a t  various stages dur ing the device process, using treatments which 
are general ly connected wi th the name "getter ing."  One o f  the major problems 
i n  device processing, p a r t i c u l a r l y  dur ing the app l ica t ion  o f  h igh temperature 
processes, i s  the t ransformat ion o f  e x i s t i n g  i n a c t i v e  defects i n t o  recombination 
centers. On the o t h t r  hand, i t  i s  des i rab le t o  f o s t e r  the t ransfcrmat ion o f  
recombination centers t o  e l e c t r i c a l l y  i nac t i ve  defects. These transformations 
may invo lve  changes i n  e x i s t i n g  complexer, o r  the formation o f  new ones. 
transformations are o f ten  connected w i t h  the name ''passivation," and one o f  
the major open questions i n  t h i s  area i s  the r o l e  which hydrogen can play. 

The 

Somewhat re la ted  t o  the question o f  reducing the bulk  recombination center 
densi ty i s  t h a t  of deal ing wi th the surface recombination centers. What i s  meant 
here i s  the dctual  reduct ion o f  the densi ty  o f  recombination centers a t  the 
surface, ra the r  than the e f f e c t  o f  a reduced surface recombination ve loc i t y  
which o f ten  i s  connected wi th  the i n t roduc t i on  o f  a po ten t i a l  step j u s t  below 
the surface (Table X I ) .  The usual recombination center densi ty  o f  untreated 
S i l i c o n  surfaces i s  i n  the 1015 cm-2 range. This number happens t o  be near 
the densi ty of dangling bonds which would be expected t o  e x i s t  a t  a perfect  
s i l i c o n  surface. If these dangling bonds should ac tua l l y  be responsible for  
the recombination centers, then the quest ion ar ises o f  how these dangling bones 
i n t e r a c t  wi th o ther  chemical species, and p a r t i c u l a r l y  which of these i n t e r -  
act ions w s u l  t i n  a substant ia l  decrease i n  the recombination center concentra- 
t ion .  
t raps whick a c t  as recombination centers. 
may lead t o  the methods f o r  e f f e c t i v e l y  avoiding the i n t roduc t i on  of these 
defects, o r  f o r  t h e i r  e l iminat ion,  once they are i n  existence. 

I n  addi t ion,  there i s  the quest ion o f  which other  defects form surface 
D e f i n i t i v e  answers t o  these questions 

The whole question complex on the reduct ion of the recombination center 
densi ty leads t o  the conclusion t h a t  considerable progress i n  the s i l i c o n  
mater ie l  science i s  needed, as we l l  as i n  the technology o f  c rys ta l  preparat ion 
and o f  devi ce processing . 

The preceding discussions lead t o  the conclusion t h a t  a high e f f i c iency  
so la r  c e l l  design w i l l  by necessity combine a t  l e a s t  several o f  the methods 
known f o r  the reduct ion o f  recombination (Table X I I ) .  I t  w i l l  f u r t h e r  have 
t o  s t r i k e  the r i g h t  compromise between the c o n f l i c t i n g  design requirements, as 
a p a r t i c u l a r  method may improve ce r ta in  a t t r i b u t e s  o f  the device, bu t  have a 
necjative impact on others. And f i n a l l y ,  a l l  the second order e f fec ts  need t o  
be included i n  the desiqn considerations, and the best ava i lab le  technologies 
f o r  t h e i r  reduct ion be appl ied i n  order t o  achieve the highest e f f i c i e n c y  
ext ractable from the s i l i c o n  so la r  c e l l .  The general h igh e f f i c i ency  design 
concept, thus, w i l l  pursue the two-pronged approach o f  decreasing the recombina- 
t i o n  loss o f  minor i ty  carrier,, and p a r t i c u l a r l y  t ha t  of the ca r r i e rs  i n jec ted  
under forward bias,  and of simultaneously reducing a 1  1 the secondary e f f e c t s  
t o  near neg l i g ib le  values. Several cel; design approaches seem t o  e x i s t  for  
each o f  these performance a t t r i bu tes ,  and the designer w i l l  have t o  s3 lec t  those 
which w i l l  y i e l d  the highest ove ra l l  device performance, dhen appl ied i n  
combination. And, o f  course, t h i s  device w i l l  have t o  be fabr icated a t  a 
compe ti t i  ve pr ice.  
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CONCLUSION 

I t  has been seen tha t  the achievement o f  higher e f f ic ienc ies i n  s i l i c o n  
so lar  c e l l s  depends on the reduction o f  a l l  secondary losses t o  neg l i g ib le  
values, which i s  about possible w i t h  current  technology, and then on the reduc- 
t i o n  of minor i ty  c a r r i e r  recombination (summarized i n  Table X I I I ) .  For the 
l a t t e r ,  four p r i nc ipa l  approaches are avai lable, three of which are essent ia l l y  
remedial, handled through device design, and oce i s  fundamental, namely the 
reduction of the rec3mbination center Jensi+y. 

A l l  the reduction o f  recombination v ia  recombination centers w i l l  on ly  lead 
t o  the dominance of Auger recombinatinn, which appears t o  impose the u l t imate 
p rac t i ca l  l i m i t a t i o n  on so la r  c e l l  e f f i c iency .  As there e x i s t  s t i l l  some doubts 
on the magnitude c f  the Auger coef f i c ien ts ,  t h i s  u l t ima te l y  achievable e f f i c i -  
ency can a lso no t  be ce r ta in  a t  t h i s  time. 
w i l l  be needed t o  gain the complete understanding o f  the band-to-band recombina- 
t i o n  effects which carry Auger's name. 

Some ra ther  fundamental research 

Several of the ''remedial" methods f o r  reduction o f  recombination invo lve 
high major i t y  c a r r i e r  concentrations. The onset o f  Auger recombination tends t o  
force the e f f i c i ency  versus c a r r i e r  concentration curves towards zero slope, 
and the onset o f  bandgap narrowing then t o  a negative slope. Again, the bandgap 
narrowing e f fec t  does not seem f u l l y  explained, w i t h  the r e s u l t  t ha t  the various 
bandgap models i n  existence now lead not  only t o  d i f f e r e n t  so la r  c e l l  perfor- 
mance expectations, bu t  a lso t o  d i f f e r e n t  c e l l  designs f o r  optimum performance. 
Again, fundamental research i s  needed. 

Outside o f  these fundamental . ;earch needs, substant ia l  s i l i c o n  materia 
research, both bu lk  and surface, w i l l  be needed t o  reach subs tan t ia l l y  higher 
e f f i c i ency  leve ls .  And then we should not  f w g e t  the inventiveness which cou 
br ing  forward new, more e f f e c t i v e  remedial design concepts. 
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A G L O B A L  V I E W  OF w= D E V I C E ,  so THAT 

A L L  T E C H N O L O G Y - D L T E R R I N E D  L O S S E S  
WILL BECOME L 0 w ,  

I F  O N E  L O S S  MECHANISM D " 4 I I S A T E S  - > N O T  O P T l M i Z E D  
- > R E D U C E  I T  

I OLD O P T I M I Z A T I O N  R I J L E :  
c 0 N 7 R I B u T I 0 N s FROM DIFFERENT COMPONENTS I ARE E Q U A L  AT M A X I M U M  OR M I N I M U M .  

Table I 1 1  

Photon Flux 4 4 4 4 4 4 4 4 4 
---Contact Grid Structure 

Isolating Layer 
-Textured Surface 

Main Potential Barrier 

The Basic Optical Ref lector 
Solar Cell 
L. Passivating Layer 

isolating Layer 

--Reduced Con:act 
Area 

Schematic View of the Solar Call "That Has Everythlng" 

Figure 9 
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T H E  - I H R E E  P R l N C l P A L  P A T H S  T O  R E D U C E D  R E C O N B I N A T I O W  

D E C R E A S E  

1.  D E N S I T Y  O F  R E C O f l B I # A T I O H  C E d T E R S  

0 I N  BULK N, I - -~ I  - HIGHER 1 

0 AT SURFACES N , , ~  I - - ~ I  - LwEa s 

2 v 0 L u H E  O R  A R E  A CONTAINING RECWWINATION CENTERS. 

0 "THIN" LAYERS 

0 "DOT CONTACTS" 

3 .  D E N S I T Y  O F  E X C E S S  N I N O R I T Y  C A R R I E R S  

FAST RFWVAL TO OUTSIDE 

"SHIELDING" WITH POTENTIAL STEPS 

0 "ISOLATING" FROM HIGHER REWHBINATION RATE 

(FOR nWl1) 

FOR V, 

0 HIGH DOPANT CONCENTRATION 

Table I V  

P 

I 

I 

t 
1. 

(I I E .  THICKXSS OF IAYERS) 

Id = I for Vw: VARIABLE 
L c m: 

n - Pp,o 
P 1  

NO U)NGSR Iwr LEVEL INJECTION 

1 
D -- 

' A u g e r  3 < IS-R-8 
CAuger(Pp,O p 

(AREA RLDUCTIOW COULD BE EFFECTIVE ONL *, IF ;/jL 
\ 110 COULD BE aiANGED. W l f t i  id/IL C0hTANT. j  Table V 

i 
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LIMIT:  0 NEEDED FOR PHOTW ABSORPTION 

(CONCENTRATION: INCREASED jL: 

1 
f 

'WT" CONTACTS 
U T l L  E AMRAGE EFFECTIVE 8: 

L IX ITS:  0 LESS EFFECTIVE WHEN SPACiN6 < L 

0 SPREADING RESISTANCE INCREASES R, 

Table VI; 

Table V I  

-urn: 
GENERALLY REDUCES TRANSPORT VELOCITIES (FOR RECmlNATION CURRENTS) 

qA (EF-€") 
p (x  1 _ -  "1 - e kT = yj; (FOR p-TYPE, 

u2 pp %2 
BY: 

E 

t 

I I  I 
high 
5 

0 DRIFT FIELD REGION? 
0 HIGH/LOU JUNCTiONS 
0 ACCUMULATION IAYERS (USUALLY UNDER INSULATORS. INCLUDING "TUNNEL CONTACTS"). 
0   FLOATING^ pn JUNCTIONS (OR INVERSIJN LAYERS). 
0 BANDGAP CHANGES (USUSUY &EG WITH (IIGH/LOW JUNCTION. "WINDOW LAYER"). 

LUllIs: 
0 

ABSORPTION W/O COLL~CI ION I N  .WIND ' LAYERS." 
0 

INC?EASED DOPING AT mLoW" SIDE REDUCES AVAILABLE STEP HEIGHT. 

UHEAW DOPING' EFFECTS OK " H I G H  SIDE" L I M I T  USErUL STEP HtlGHT, 

INTERFACE STATES AT TnANSITlON TO "WINDOW LAYER," 

! 

1 

L 
i 
A 

t * i 
i 
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t m: 
i 0 

Y 
i 

I I - 
ISOUTIWG LAVER 

d L L  

ADEOUATELV H I M (  L/T .  

AFFECTS COLLECTIOII EFFICIENCY, 
I F  IN IPT ICAL  OATH. 

Table X 

HICHDOPRllTm Table VI11 

V = R I G H  IF n = S W :  
P *O 

UMIIS: 

HEAVY DOPING EFFECTS. 

Table I X  

R E D U C E  V O L U f l E  R E C O t l B I W A T I O N  C E W T E R  D E N S I T Y :  

0 ORIGINAL MATERIAL PROCESSIIIG: 

- FEWER I W U R l T l E S  

- ROLES OF OXYGEN. CAREON? 

- FEWER CRYS;..L DEFECTS (THERMAL ENVIRONMENT I N  X-TAL GROWTH?) 

- ROLES OF MFECT COMfLEXES 

0 DEVICE PROCESSING: 

- NO NEW IMPUSITV iNTR3DUtTIOW 

- kEMOV€ EXISTING DEFECiS (6ElTERIN6) 

- A M I D  TRAkSFOkMTION OF DEFECTS TO RELOHBINn-a ION CF"TERS 

(EFFECTS OF THERMAL PRCCESSES?) 

DEF, t ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ :  CHANGES OF COMP~EXES?: ROLE OF wh GEN?) 

- FOS'.' fR9NSF3RWTION OF RECOMBINATION CENTERS TO HARMUSS 

i 
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Figure 10 

C. 

Xsolot ing 
Layer 

THE EXXON HIGH EFFICENCY DESIGN 

Figure 1 I 
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R E D U C E  S U R F A C E  R E C O K B I N A T I O R  C E N T E R  D E N S I T Y :  

0 PASSIVATION OF DAN6L1N6 BONDS. 

(WlCti LAYERS ARE W E  EFFECTIVE I N  REDUCING So, WHICH 
IN SUPPORTING ACCUMULATION LAYERS?) 

0 WHAT OTHER DEFECTS FORM SURFACE TRAPS 

(HO) CAN THEY BE AVOIDED OR ELIMINATED?) 

Table X I  

I 

I 
- t  

i 

0 COMBINES SEVER4L OF THE METHODS FOR REDUCTION OF RECOMBINATION. 

0 STRIKES THE RIGHT COMPROHISE BETWEEN CONFLICTING DESIGN REQUIREMENTS. 

0 REDUCES A L L SFCOND ORDER EFFECTS, 

Table X I 1  
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DISCUSS ION 
(WOLF) 

SPITZBR: Given all the tradeoffs on $rid design, passivation, and the other 
things that are necessary to make a 20% efficient cell, the question is, 
can screen-printed contacts be used for the 15% module, or will they not 
offer enough for high-efficiency features? 

WOLF: I have been talking against screen printers at a number of meetings. 
The biggest problem I see in thsm is that in screen printing and sinter- 
ing you don't get better resistivity or better conductivity. W e n  with 
silver it seems you get conduct.vitg only about one-third, in general, of 
what you get if you electroplate or deposit silver. You are limited by 
how thick you can make the layer in one pass. 
becomes limited by the bulk conductivity you can get. 
is, you cannot make them very narrow. 
achievable with today's technology. 
against screen-printed contacts. 

The sheet resistance 
The second prcblem 

It seems that 5 mils might be 
These ars the two things I see 

SPITZER: Then, probably no. 

WOW: I would think if you go for high efficiency, at least consider a 
secondary later. 
make high efficiency, so let's use the best technology we know we can 
apply to get to high efficiency. then later let's think of how can we 
make them cheaper. 

I always find the first thing is to show we can really 

Now I want to i ,roduce the next speaker. Here is a little contradiction. 
I have been saylng that all the secondary problems are minor, our current 
technology is s?lved; just worrs about recombination. 
Solavolt is going to tell us about all the problems that still exist in 
trying to make ;ow-resistance contacts. So, basically, I guess it is not 
easy, and the-1 are still a lot o f  problems connected with it. 

Arnie task from 
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SOME PRACTICAL CONSIDERATIONS FOR ECONOMICAL BACK CONTACT 
FORMATION ON HIGH EFFICIENCY SOLAR CELLS 

I. A. Lesk 
Solavolt International 

Phoenix, Arizona 

Abstract 

The back contact can detract from solar cell performance by a number of 
means: high recombination, barrier, photovoltage, minority carrier collection, 
resistance. These effects may act in a iion-uniform fashion over the cell area, 
and complicate the analysis of photovoltaic performance aimed at a better 
understanding of the effects of device geometry and material and/or processing 
parameters. 

The back contact can be tested by reproducing it on both sides of a sub- 
strate. 
using the resistivity of the substrate. 
substrates of moderate and low resistivity behaves in this way, and so may be 
used as a reference against which other back contact technologies are measured. 

The dark current-voltage characteristic should obey Ohm's law calculated 
Sintered aluminum on p-type silicon 

The objective is to find 8 back contact which perfoms well as a back 
contact, can be applied cheaply to large area solar cells, fits well into a 
practical process sequence, does not introduce structural damage or undesirable 
impurittes into the sil-icon substrate, is compatible with an effective front 
contact technology, permits low temperature solder contacting, adheres well to 
silicon, and is reliable. 

1. HIGH RTCOMBINATION 
2. MINORITY CARRIER CGLLECTION 
3.  RESISTANCE 

LINEAR 
NON-L XNEAR 

N 

P 4 .  BARRIER 
5. PHOTOVOLTAGE 

BACK CONTACT PROBLEMS 

TABLE 1 FIGURE 1. Simple solar cell section. 

!'R ECEDfNG PAGE BLANK NOT FILMED 
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Introduction 

! 
X I  

L 

Reduction of the cost of solar cell metallization is neccssary if the 
projected low piices for modules are to be realiz d 
various new technologies are under investigation. 
have b e p  seen with some material systems, as - fabricated 
ageing. Back contact problems that can occur are listed in Table 1. 

Towards this goal, 
BaSk contact problems 

or after stress 

A Model for Back Contact Studies 

Figure 1 shows a simple solar cell cross section. The back contact can 

1. by removing carriers (through recombination or collection) which 
degrade performance of the structure in two ways: 

would otherwise contribute to photocurrent at the P-N junction, 
or by generating carriers that increase the diffusion component 
of dark current, and 
by introducing resistances or barriers that reduce terminal 
voltage . 2. 

Barrier effects on overall solar cell performance may be modified by photo- 
voltage generation due to light reaching the back contact region. 

If we ascribe back-surface minority carrier effects on the P-N junction 
to photocurrent losses in the photogenerator and dark diffusion current 
increases in the n=l diode, the rest of the back surface problems (3,4 and 5 
in Table 1) may be removed into a separate 2-port network section, as s h m  
in Figure 2. reduced by 
minority carrier recombination and collection at the back contgct, and the n=l 
diode having its dark current influenced by minority carrier generation or 
injection at the back contxt. The n diode contains all the n>l components. 
The shunt conductance Z may be non-linear. 

The top 2-port section is the active one, with J h 

sh 
In the 2-port section at the bottom of Figure 2, barriers of either 

1 - 
polarity, with photocurrents J and J are indicated as possible parasitics. 

PhB PhB 
The V-I characteristics of these barriers are generally much more conductive 
than those of a p-n junction because they are often low grade Schottky 
barriers and, particularly for large area devices9 shunted in a non-uniform 
fashion. The shunt impedance Z may be nonlinear if the ohmic solar cell 
current traverses grain regions7Bthis can he particularly prominent if the 
back contact region is segmented so lateral ohmic current in the base is 
appreciable. 

Expzrimental observations of the parasitic dark chiracteristics of the 
back contact are instructive in determining their cause and helping with their 
elimination. Figure 3(a) shows a section of a solar cell. Leavir., off the 
p-n junction and making ohmic contact to top and bottom, Figure 3(b), would 
place two of the 'Lower (parasitic) ?-ports in series. If the top-to-bottom 
V-I chayasteristic of the structure in Figure 3(b) obeys Ohm's Law for the 
substrate material, there ar? no prominent back contact parasitics. Othepise, 
it wi- be necessary to use a known ohmic structure. 
contP;Ls, can be entirely ohmic, e.g. for a U.25 R - cm substrate 2.59 pM thick, 
top-to-bottom cmdiictatice :R 160 mhos/cm (resistance = 6.25 m$? - cm ) .  At 36 

Figure 3(c), with p 
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2 2 ma /cm , t h e  p a r a s i t i c  bulk drop i s  less t h t n  + nV. 
ance = 16000 mhos (series r e s i s t a n c e  = .06 &). T h i s  p c o n t a c t  then becomes a 
s tandard a g a i n s t  which o t h e r  t echno log ie s  are measured. 
F igu re  3(d) can be  used t o  measure t h e  ohmic c h a r a c t e r  of t h e  experimental  
c o n t a c t  formed on t h e  t o p  s i d e .  

For+a 100 cm c e l l ,  conduct- 

The s t r u c t u r e  t n  

Solar cells are sometimes made with segmented back c o n t a c t s ,  F igu re  4. 
I n  t h i s  t ype  of geometry, there  i s a c o n s i d e r a b l e  amount of l a te ra l  c u r r e n t  flow. 
By omi t t i ng  t h e  P-N j u n c t i o n ,  back c o n t a c t  p a r a s i t i c s  can be t e s t e d  f o r  photo- 
gene ra t ion .  However, t h e  bu lk  series r e s i s t a n c e  w i l l  be  l a r g e r ,  and more 
s u s c a p t i b l e  t o  g r a i n  boundary e f f e c t s .  Q u a n t i t a t i v e l y ,  cons ide r  a s o l a r  c e l l  
250W t h i c k  wi th  5 equispaced con tac t  l inesfcm top  and bottom, and a s u b s t r a t e  
r e s i s t i v i t y  of 0.25 $2-cm. 
w i l l  be  approximately 20 mhos, assuming t h e  average photocurrent  induced 
ma jo r i ty  carrier pa th  l eng th  i s  0.05cm.* h a l f  t h e  c o n t a c t  spacing,  and no 
g r a i n  boundary impedance. For  a io0 cm ce l l ,  g=2000 m h x ,  o r  series resis- 
t ance  i s  0.5 ms1. T h i s  r e s i s t a n c e  is about an o r d e r  of magnitude l a r g e r  than 
t h a t  of a similar ce l l  w i th  f u l l  back-surface m e t a l l i z a t i o n ,  bu t  s t i l l  small  
enough t o  serve as a n  e f f e c t i v e  shunt  f o r  an o t h e r i s e  severe back s u r f a c e  
b a r r i e r  (e.g.  a n  npn s t r u c t u r e  with a network of p 
t o  t h e  p-type s u b s t r a t e ) .  

Conductance between top  and ' o t tom c o n t a c t  sets 

back c o n t a c t s  p e n e t r a t i n g  

Examples of how para: ' t i c  back-surface elements can degrade t h e  V-I 
d h a r a c t e r i s t i c  of an o the rwise  good ce l l  are cons t ruc t ed  by adLing v o l t a g e s  
of t h e  2-port s e c t i o n s  a t  common c u r r e n t s .  
f o r  a t h e o r e t i c a l  r e s i s t a n c e - f r e e  base-dominate9 t h j c k  diode is shown i n  
F igu re  5. P -f6 n sec (Jo-1O 
c h a r a c t e r i s t i c  is  s h i f t e d  downward as shown i n  F igu re  6. 

The u r p e r  2-port V-I c h a r f l c t e r i s t i c  

ameterf chosen are n=1, p=1.5x10 /cm , L = l O O p N ,  p =6$4 c m  /V 
mA/cm ) . Under l-sun i l l u m i n a t i o n ,  assumliiq 36 mA? PI , t h e  V-I 

Figure  7 shows t h e  e f f e c t  on a 1 cn2 c e l l  of a series r e s i s t a n c e  of 1 St; 
t h i s  would be  obtained on a s t r u c t u r e  a s  given i n  t h e  example i l lus t ra tea  I n  
F igu re  4 i f  t h e  base r e s i s t i v i t y  were 5 Q-cm. 

F lgu re  8 shows t h e  e f f e c t  of a diode with a p o l a r i t y  opposing t h e  P-8 
j u n c t i m .  The d i cde  V-I  C h a r a c t e r i s t i c  is sketched on t h e  l e f t  s i d e  of t h e  
curre:- i  axis; when added t o  t h e  t h e o r e t i c a l  d iode  curve t h e  r e s u l t a n t  form i s  
S-shaped. Th i s  diode i s  on t h e  l e f t  . i d e  of the2bottom 2-port i n  F igu re  2. 
I f  t - i s  d iode  has  a photocurrent  J of 2 m 3 / c m  , t h e  r e s u l t a n t  s o l a r  c e l l  

V-I c h a r a c t e r i s t i c  i s  as sketched i n  F igu re  9. 
P:lg 

I f  t h e  back-surface b a r r i e r  i s  d i r e c t e d  i n  the. same sense  as tile P-N 
junc.tion, t h e  main photocurrent  w i l l  d r i v e  i t  i n  t h e  reverse-bias  d i r e c t l o n .  
F igu re  10 i n d i c a t e s  t h e  e f f e c t  o f 2 a  v e r y  leaky "reverse" b a r r i e r ,  and F igu re  11 
shows t h a t  f o r  a J of 10 mA/cm , Voc i s  inc reased  al though t h e  peak power 

region is degraded. For t h i s  p o l a r i t y  of Jarrier t o  provide a n e t  i n c r e a s e  i n  
cell. power, i t s  photocurrent  must be very n e a r l y  as l a r g e  as  t h a t  of t h e  main 
1'-N j u n c t i o n ;  a t h f n  ce l l  made on high r e s i s t i v i t y ,  high l i f e t i m e  material 

PhB 

I 

.. 
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(i.e. a BSF cell) would be of this type. 

Total Back Contact Requirements 

The back coatact must be relatively free from the problems lieiei in 
Table 1, i-.e., it must be capable of good optoelectronic performan-e. In 
addition, it must have the rest of the characteristics listed in TaSle 2 if 
it is to contribute to meeting the DOE long range cost/perform.nce goals. 
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CAPABLE OF GCOD OPTOELECTRONIC R, - PERFORMANCE 

AKEA CELLS 

SEQUENCE 

ECONOMICALLY APPLICABLE TO LARGE 

CONSISTENT WITH A PRACTICAL PROCESS 

NON-DETERIORATING OF BULK SILICON I 
PROPERTI€., 

STRUCTURAL 
IXF'URITIES 

COMPATIBLE WITH EFFECTIVE FRONT 

ADHERENT 
RELIABLE 
SO1,DERABLE 

CONTACT TECHNOLOGY 

FIGURE 2. Active (top) and passive 
(botton) 2-port network sections. BACK CONTACT REQUIREMENTS - 

TABLE 2 

P 

%. 
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FIGURE 5 .  Dark V-I characteristic 
calchlated for selec &ed diode, 

FIGURE 6. Illuminated V-I 
characteristic calc2lated 
with  Jsc = 36 mAlcm . 
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FIGURE 8. Series  "forward" 
diode. 
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FIGURE 9. Ser ies  "forward" 
diode with photocurrent. 
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FIGURE 10. Effect of a "reverse" 
barrier.  
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FIGURE 1 1 .  Effect  o f p  "reverse" 
barrier w i t h  i o  d / c r  photocurrent. 



DISCUSSIOU 

r .  
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CAMPBBU: Your discussion of the gridded back contacts: as I understand it, 
the requireawnt for a gridded back-contact system is more stringent than 
for the front contact in terms of coverage and so forth? 

LESK: I didn't mean to imply that it was tighter coverage problem. If you 
m a t  to measure a system that looks good, you can put full coverage metal 
in the front or the back, the same metal or the same contact system, and 
it looks ohmic and you're got no resistance problems. You could still be 
doing some other things wrong; you could 'be Sutting impurities in the 
silicon, changing the structure, and sa on, so you want to look also any 
photoeffects you might have in the back contact. 

CAUPBKLL: I have a specific reference. You mentioned 10 lines per centimeter 
as being optiaunn for the back grid. 

LBSK: tio, I didn't say optimum. I did the calculation for that; in fact, 
that was five of each, five cn the front and five on the back, and if you 
do that, and if you have a quarter of a centimeter of material, by going 
to that geometry where your current is flowing laterally over most of its 
path, its resistance is still very small. 

ILKS: Here is a quick one. Do you have any views about the doubling the 
efficiency by using bifacial cells, talking about back contacts? 

LESK: Bifacial cells? Yell, there is a lot written on that. I really don't 
know. 
tact in the middle and pick up two junctions --. is that what you are 
talking about? 

If you want to make n-pa-like structure and pick up the base con- 

ILBS: It seems a pity to spend a lot of time on the back contact and then not 
m e  it for generating additional current. in a sense, but it may be rather 
complicated, perhaps. 

LESK: All the schemes I've see8 are much more complex because you've got to 
get the current out somehod. so you are faced perhaps with a double grid 
structure and a back, one ohmic &nd one p-n junction, and you've got to 
match your currents coming out of the top and the bottom, and that isn't 
the simplest. 
to my kcowledge nobody has this in production. 

I have seen some results printed that are pretty good, but 

BICKLBR: Arnie, I want to ask a quertion about this back surface you de- 
scribed, wkich would hate a diode in the same direction as the main 
junction. I guess it relates to what Peter just said: where do you get 
the second cathode? 

LESK: Lika an a-p-n structure? 

BICKLBR: Well, if you have the end top cathode and bulk is the anode p what 
do you do beneath that? You could put another p as a p+ but what do 
you do for a cathode for that back layer? 

.... . ..- 
3' , 

84 P . 



: 
I 

U S E :  Yell, no, that*s it, if you had -- let*s say -- high resistivity and 
That would be the barrier on the back surface facing in 

'.I 
pat a metal on there, you could form a Schottky barrier between the -tal 
and the bulk. 
the same direction e8 the p-n junction. 
tends to be in that direction. 

" j  
f. 

The back-surface field junction 
i 
? 

?+ f 

. I  

: 'i 

1 .  - 1  

' 1  

QWBTfOll: Could you tell us a little more about that good cell you've shown, 
having Voc of 690 volts? 

.- 1 
LESI(: A very good cell that's calculated frm a lot of the nllarbers I've seen 

in the literature; n = 1. It wasn't made; it's calculated, just to show 
if you had that in terms of the front, how you can ruin it by what you do 
in the back. phese numbers are not far from the numbers you were talkin6 

1 about as state-of-the-art. 

I 
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High-Bffieienay Ce l l  Conaepts on LorCost Siliaon Sheets 

me stroqlest levera8e for  redrroi- the cost of power 8Otket8ted f r a  
s o l u  easrm is the efficiency of the solar -11. 
a tarlet aost for e lectr ical  energy there is a minimum solar officio- that  
mast be exeeeded evea if  the module eost becamor negli8ible. 
beoause 0: the b.1- of systems cost (land, support structures, power 
conditionin& w i r 4 ,  etc.). For example, for e w e t i t i o n  with an intermediate 
load eoal-fired plant, a module efficiency of above la must be maintained [ l l .  
As this minimum e f f ic ienq is exoeeded, the power costs f a l l  rapidly. 

It is oasy t o  see that liven 

lhis ar i ses  

Thus. the drive t o  produce high effideney solar ce l l s  is very strong. 
I f  the teehnolo8y does not have the potential for  realizing th i s  minimam walue, 
then it w i l l  be non-competitive for  tAe particular scenario projected. 

In t h i s  paper we w i l l  discuss the limitations on sheet growth m t e r i a l  
( p r i u r i l y  with referense t o  BPB) in terms of the defect structure and minority 
carr ier  lifetime. 
solar cells, we rill estimate w h a t  effect  these various defects w i l l  have on 
performance. 
growth c e l l  that  w i l l  rrLc the best of the material characteristics. 

Usiw simple models for  material parameters and behavior of 

Biven these limitations we oan then propose designs for  a sheet 

mein dise-sinl S O h r  cells. the m8teri81 is often characterized in  
terms of a diffusion length, . whose square is direct ly  proportional t o  the 

For a homogeneous u e r i a l  the diffusion l e m t h  is .IS0 a measure of the 
distance over whieh minority carriers are colleoted. 
uteri81 where the S C 8 h  of the lifetime variations ray be less  than the loeal 
diffusion length, the meaning of the diffusion length as a oollection distance 
breaks dom. 

= Dz, ?! w ere the constant D is the diffusion coeffioient. 
** 

lifetime. %, i . 0 . D  

For inhao8eneous 

When teohniques r a d  as SPV or speetral response aaasoterents are applied 
t o  measure diffusion lengths in inhomogeneous material, it must be kept in mind 
that  the derived quantity, while often referred to  as a diffusion length, is 
real ly  ohar#e oolleotion distmoe. It is a oaplex  avera8e depellbing on how 
the minority car r ie r  lifetime varies with position. 
the context i f  we are usi- diffusion length as a measuse of looal lifetime or  

Oensrally it i r  slebr  froa 

8 8  a Uh8ZgO oolleotion distanae. 
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The mb8V defects in Silicon that &Or OIOCtriC81 activity, i.0.D 

oontribute to the majority carrier concentration or aot as recoabimtion 
ceaJers. are dislocatipns. grain boundaries. twins, inclusions including Sic 
.ad silimtes, point defects of either a substitution81 or interstitial 
ehamcter and impurities such as transition retals and oxygea and carbon (21. 
There Ore other closely related defects such as swirls. rtackinl( faults. 
partia, dislocations, etc., but in this paper we will concentrate our remarks 
on the more general types listed above. 

P. Wald has recently presented a comprehensive review of defects in BPG 
Rather than silicon with a discussion of the type and nollber of defects t2l. 

including figures illustrating the defects, we will simply reference his paper. 

A. Dislocations 

The classic edge dislocation. which a n  be vislrrrlited as being formed 
by reroving an atomic half plane, should exhibit a single line of silicon atoms 
whose bonding requirements are not satisfied. 
dislocation would exhibit a series of dangling bonds, one of which is 
associated with each plane. If each of these a t a s  behaved as a recorbin8tion 
center. then for a diSlOC8tiOn density of 1 0 s  
of 10-1s ea, the lifetime would be of the order of 30 psec which corresponds 
to a 300 pm diffusion length in p-type material. 

In a simple minded picture, a 

with a typical cross-section 

In actual fact most of the broken bonds will be reconstructed 121 so the 
number of "dangling bonds" rill be substantially 1eSsD thus giving a much lower 
potential for recombination. 

i 
Another possibility might be that recombination occurs not at dangling I 

bonds but rather at an impurity cloud attracted to the disloc8tions. If more 
than one electrically active atam were assooiated with each atomic lane, then 
the potential diffusion length could be reduced. We should note. rhough, that 
as rill be discussed in Section IIB, having the electrically active 
recorbinrtion centers concentrated <,?:ound the dis1ocations ray a c t ~ l l y  result 
in a higher efficiency cell than if the s-6 tot81 number of impurities were 
uniformly distributed throughout the solid. 

I' 

B. Brain Boundarie s 

When tvo grains with different orientations intersect, they form a 
First order and higher order twins can be Considered 6 

In the general case, grain boundaries can be 
In twins a specific 

grain boundary. 
sub-class of grain boundaries. 
oonstructed f r a  6 series of edge and screw dislocations. 
orientation between the grains efistiD but for general grain boundaries this is 
not necessary. 

d oonvenient ray to observe the electrioal/reaorbinatioa activity of 
dislocations and grain boundaries is by the use of KBIC. 
perpendiaular to the grain boundaries their recombination properties can be 
oharacterized typiC8ily in terms of a rooombination Velocity, 0 , and diffusion 
length, % tSD41. Optical techniqws, LBIC, have also been use8 in a similar 

By raking line scans 
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fashion to obtain the SUO material characteristics [ I ] .  
cdsec have been observed with typic81 velooities for ffstrong boundariesflteing 
the order of 10' d s e c .  
width (Ln - 100 pm, a = 1000 cm-11 is about 5 pm. The concept of an effective 
grain boundary width is d w  to Zook, and is defined as the equivalent width of 
8 region from which no charBe is collected. 
strong boundaries (lOa/cm1, the loss in short circuit current can become 
significant ( 5 % ) .  
and in fact many are electrically very weak or invisible. 

Velocities up to 105 

For suoh a velocity. the effective grain boundary 

If we have a high density of 

By no means do all grain boundaries have high recombination. 

Also of importance is the contribution that grain boundary recombin8tion 
can rake to the reverse saturation current. A reduction of 52 in the current 
collected corresponds to a decrease in the diffusion length by 3 s  for a 
horogeneoos distribution of recombination centers. This would reduoe the 
reverse saturation current tlso by 35% and produce 8 decrease in open circuit 
voltage of about 10 mV. 

Grain boundary recombination can be important if the density of 
electrically active boundaries i s  hie. 
such as produced by CVD or in silicon with a very higk intragranular diffusion 
length will they dominate performance. 

Only in the case of small grain size 

c. Ip_clrtsions 

The principal effect of inclusions is either to physically block the 
light or to shunt the junction. 
silicates. The contribution an ideal shunting particle makes to reverse 
leakage depends on its diamter and the sheet resistivity of the surfact layer 
to which the shunting occurs. It is easy to show that for a circular shunt of 
radius, a, and sheet resistivity. p,,. the voltage drop, AV, for a distance, d, 
away fran the particle is 

Typically, inclusions are found to be Sic or 

For a typical I of 30 mA/cma, AV of 0.25V, po of 50 W o ,  the current 
not collected (which f g  equal to ndrI 
the finite resistivity of the Sic limffs the current to less than that 
predicted by Bq. (1). The Sic density is gonerolly less than one per -2, and 
experimentally it is observed that such shunting is rarely a problem. 

1 is about 5 mA/particle. In most cases 

In the unfortunate case. though, that the metallization covers the 
inclusion, the cell rill be almost completely shunted since in this case pg is 
very small (the order of 5 d / O ) .  Since only about 5% of the solar cell is 
metallized, this i s  a rare occurrence. 

The fractional volume of a silicate particle is so small and the 
resistivity is so high that any contribution to losdea ty light blockage or 
shunting oan probably be safely ignored. 

Measurements of the junction characteristics of Epa solar cells often 
show a contribution to the reverse saturation current that h88 a temperature 
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dependence c h a r a c t e r i s t i c  of tunnel ing  r a t h s r  t han  space charge recombination 
[SI. It h8s been suggested t h a t  t h i s  phenomenon could be due t o  ve ry  smal l  
p r e c i p i t a t e s  t h a t  introduce charge c e n t e r s  i n t o  t h e  space charge region.  The 
l o s s  i n  e f f i c i e n c y  shows up a s  a s o f t  knee and is  e a s i l y  measured us ing  t h e  
dark I-V c h a r a c t e r i s t i c .  

D. P o i n t  Defect s and h u r i  t i e r  

So f a r  t h e  d i s c u s s i o n  has  d e a l t  w i th  d e f e c t s  t h a t  a r e  v i s i b l e ,  a t  
l e a s t  under moderate magni f ica t ion  wi th  an o p t i c a l  microscope or i n  an SBY. 
Poin t  d e f e c t s  and i m p u r i t i e s  i n  s h e e t  s i l i c o n  a r e  those  t h a t  occupy e i t h e r  a 
s i n g l e  or a f e r  l a t t i c e  r i t e s  and cannot g e n e r a l l y  be d i r e c t l y  imaged. The 
d e f e c t s  r4y be n a t i v e ,  such a s  s e l f  i n t e r s t i t i a l s  or vacancies ,  m e t a l l i c ,  such 
as Pen Ti ,  h, 8 t C . D  or non-me ta l l i c ,  ruch 8 8  carbon and oxygen. Dopants such 
as B and P are i n  a sense s u b s t i t u t i o n a l  d e f e c t s .  

I n  o r d e r  f o r  a p o i n t  d e f e c t  o r  impurity t o  s i g n i f i c a n t l y  a f f e c t  t h e  
minor i ty  c a r r i e r  l i f e t i m e  ( f o r  t h e  sake of d e f i n i t e n e s s  we rill t a l k  about 
e l e c t r o n s  i n  p-type m a t e r i a l ) ,  i t s  energy l e v e l  mst be l o c a t e d  above t h o  
quasi-Fermi l e v e l  f o r  e l e c t r o n s ,  but  no t  so near  t h e  conduct ion band edge that 
any trapped c a r r i e r s  can e a s i l y  be e x c i t e d  161. Shockley-Read-Hal1 (SUI 
theory  p r e d i c t s  t h a t  t h e  most e f f i c i e n t  recombination c e n t e r s  a r e  l o c a t e d  a t  
t h e  c e n t e r  of t h e  energy gap. 

A l a r g e  number of elements have been found t o  produce c e n t e r s  i n  t h e  band 
gap of s i l i c o n .  The i r  c h a r a c t e r i s t i c s  have been t h e  sub jec t  of a number of 
p u b l i c a t i o n s ,  inc luding  those by Weber 171, Sze 181 and S c h i b l i  and l l i l n e s  191. 
The d e n s i t y  of t h e  c e n t e r s  must be h igh  euough such t h a t  t h e  p r o b a b i l i t y  of 
t r app ing  a charge is s i g n i f i c a n t .  Zor a 1 psec l i f e t i m e  wi th  a reasonable  
c ross -sec t ion  (10-1s cm-3) , the  t rapping  c e n t e r  d e n s i t y  should be 10%' cm-3 , 
which is a very  small  number i n  terms of chemical concent ra t ion .  

Thus, it is n a t u r a l  t o  expsct  t h a t  i nadve r t en t  contamination can 
d r a s t i c a l l y  reduce t h e  l i f e t i m e  i n  s i l i c o n .  In f a c t ,  i t  i s  s u r p r i s i n g  how 
t o l e r a n t  EFG i s  t o  t h e  l e v e l  of m e t a l l i c  impur i t i e s .  
range from one t o  10 ppm and have l i t t l e  c o r r e l a t i o n  wi th  c e l l  performance. 
There is  appa ren t ly  a major d i f f e r e n c e  between the  t o t a l  impurity conten t  and 
those t h a t  c o n t r i b u t e  t o  recombination. Experiments [2D101 show t h a t  t h e  
i n t r o d u c t i o n  of Pe and Wo a t  concen t r a t ions  up t o  5 x 10" cm-3 can  be 
t o l e r a t e d .  

m i c a l l y  impurity l e v e l s  

Besides t h e  m e t a l l i c  i m p u r i t i e s ,  o t h e r  s p e c i e s  such a s  carbon and oxygen 
a r e  p re sen t  i n  l a r g e  q u a n t i t i e s .  The carbon comes from t h e  c r u c i b l e  ( i f  
g r a p h i t e )  and d i e  m a t e r i a l ,  and t h e  oxygen from t h e  c r u c i b l e  ( i f  fused q u a r t z )  
and gaseobr 4U:biWIt. Ind iv idua l  carbon atoms i n  a s i l i co la  l a t t i c e  a r e  not 
e l e c t r i c a l l y  a c t i v e  but probably express  t h e i r  a c t i v i t y  because of i n t e r a c t i o n s  
wi th  o the r  d e f e c t s .  Oxygen when i n t e r s t i t i a l  is  no t  e l e c t r i c a l l y  a c t i v e ,  but 
under va r ious  h e a t  t rea tments  forms complexes t h a t  a c t  ns donors or 
recombination c e n t e r s .  

Oxygen has been shorn t o  p l ay  an important r o l e  i n  producing Epo s i l i c o n  
wi th  the longes t  d i f f u s i o n  l eng th  Clll. 
from the  ambient or from t h e  c r u c i b - . .  

The oxygen can be in t roduced  e i t h e r  
The d i f f u s i o n  l e n g t h  f o r  oxygenated EFG 
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s i l i c o n  i s  not  only higher than i n  
lavels.  but a l s o  it shows a s t ronger  dependence on i l lmainat ion leve l .  

without addi t ional  oxygen a t  low l i g h t  

In non-defenerate s i l i aon ,  including CZ, f l o a t  zone, BFG, e tc . ,  the 
l i fe t ime i s  dominated by an SRE recombination process. This l i f e t ime  i s  
general ly  forrnd t o  decrease rap id ly  with doping density.  f i l l e r  1123 and 
Fossm e t  a l .  113.141 have modeled the  defect densi ty  a s  i f  i t  were a chemical 
react ion driven by the doping densi ty .  The l i fe t ime,  ‘t, can be approximated t o  
depend on the  doping leve l ,  %, as  

where ‘t i s  a constant t ha t  is a funct ion of mater ia l  qual i ty .  This i s  the  
expressyon used by Bohatgi and Bai-Choudhury 1151 when modeling high ef f ic iency  
so la r  c e l l s .  Fcr No they use 7 x 10” cm-3. 

In one BFG experiment i n  which the boron concentration was v a r i e l  t o  give 
r e s i s t i v i t i e s  between 0.2 and 10 Q*cm, the data  can be approximately f i t  with 
z having a value of 0.7 psec 12,161. By cont ras t  the Auger recombination, 
e&n i n  high q u a l i t y  mater ia l ,  does not dominate u n t i l  the r e s i s t i v i t y  is  below 
0.1 0-om. Other EFG material  has been grown with a d i f fus ion  length of over 
150 kq a t  4 0-cm which would imply a value of ro of 10  psec. 

11. SoLARCELLpERFaRMANcE 

A good deal  of work has been devoted t o  modeling the  behavior of so l a r  
c e l l s  but mostly on homogeneous mater ia l  (both with respect t o  depth and a r e a l  
d i s t r ibu t ion ) .  With ribbon mater ia l  t h i s  i s  not necessar i ly  a good assumption 
and a t  times the  e f f e c t  of inhomogeneous d i s t r ibu t ions  of minority recombination 
centers ,  c r y s t a l l i n e  defec ts  and majority c a r r i e r  doping cannot be neglected. 

In t h i s  sec t ion  we model the behavior of an EM; so la r  c e l l  t o  determine 
how t o  get  the most out of it. An out l ine  of the technique i s  given i n  the 
Appendix. It is  s imi l a r  t o  the approach suggested by golf  [171 and can includo 
surface recombination, doping dependent l i f e t imes  including Auger and SBH, and 
band gap narrowing. 
equation, including e l e c t r i c  f i e l d s  prodoced by doping gradients ,  give s imi la r  
r e s u l t s  when applied t o  the same cases  modeled here.  

Calculations based on the  so lu t ion  of the d i f fus ion  

In the  f i r s t  p a r t  of t h i s  sec t ion  we ca l cu la t e  the charge generation and 
Next we d iscuss  some col lec t ion  d i s t r i b u t i o n s  produced by the so l a r  spectrum. 

aspects  of inhomogeneous d i s t r ibu t ions  of l i f e t ime  and e f f ec t  on so la r  c e l l s .  
Final ly ,  the ef f ec t  of r e s i s t i v i t y  and surface passivat ion i s  considered. 

Of course, a s  when attempting t o  ex t rac t  the highest  possible  e f f i c i ency  
from any c e l i ,  it is important t ha t  the metal covorage be a s  l i t t l e  a s  possible  
consis tent  with 8 low s e r i e s  res la tonce and t h a t  any an t i - re f lec t ion  coating be 
optimized whether one o r  two layera.  Because sheet growth mater ia l s ,  except f o r  
web, general ly  do not have n predetermined or ien ta t ion ,  surface erching t o  
produce facet ing i s  not an option, although growth using a corrugated d i e  t o  
produce an equivalent e f f ec t  may be possible .  

t 
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A. Charm Generation Bate 

Figure 1 shows a p lo t  of the charge generation r a t e  f o r  an Ay1.5 1181 
spectrum i n  s i l i c o n  [191. 
surface.  I f  we in tegra te  t h i s  curve and normalize it r e l a t i v e  t o  the  t o t a l  
possible  hole e lec t ron  p a i r s  produced (Pig. 21, we see t h a t  50% of the possible  
charge i s  generated within 5 p u  of the surface and SO% within 150 pm. 

By f a r  the highest  generatio- r a t e  is  close t o  the  

There i s  qui te  a long t a i l  on the opt ica i  absorption so even though most 
charge i s  generated r e l a t i v e l y  near the surface,  i f  we want t o  co l l ec t  almost 
a l l  minority c a r r i e r s  (95 t o  99%) a very long d i f fus ion  length ( the  order of 
1000 pm) would be required. 

B. Areal Inhamoneneities 

Calculations have been made of the e f f ec t  of a rea l  l i fe t ime 
inhamogeneitfes on so la r  c e l l s .  
dominate the performance, both by the e f f e c t  on shor t  c i r c u i t  cur ren t  and open 
c i r c u i t  voltage (201. Although t h i s  r e s u l t  might, a t  f i r s t  reading, seem t o  
ind ica te  t h a t  a hamogeneous mater ia l  i s  bes t ,  it can be shown through simple 
arguments t h a t  when the t o t a l  numbcr of recombination centers  i s  held f i r e d ,  an 
inhomogeneous d i s t r i b u t i o n  can produce a c e l l  with a higher e f f ic iency  than one 
i n  which the centers  a re  uniformly d i s t r ibu ted  (212. Thus, what a t  f i r s t  glance 
might be considered a disadvantage of sheet grown s i l i c o n  can r e a l l y  be an 
advantage. Assuming tha t  the behavior of recombination centers  i s  independent 
of concentration, i f  the recombination centers  a r e  concentrated i n  a few small 
regions, then the performance may be improved. 

In general  the regions with a low l i f e t ime  

Figure 3 shows a p lo t  of the r e l a t i v e  e f f ic iency  as  a funct ion of the  
amount of poor area. Depending upon the r a t i o  of the number of recombination 
centers  i n  the poor area t o  the good area,  the maximum ef f ic iency  occurs when 
the po3r area occupies between 10 and 3W of the t o t a l  c e l l  area.  Obviously i t  
is  t a t t e r  i f  the t o t a l  number of impuri t ies  o r  recombination centers  can be 
minimized, bat i f  they arc  present i t  i s  des i rab le  t h a t  they be segregated 
r a the r  than uniformly d is t r ibu ted .  

c. oDt iwr;m Bes i s t iv i tv  

Eigh ef f ic iency  so la r  c e l l s  have been made usins  e i t h e r  moderate 
r e s i s t i v i t y  s i l i c o u  with a long l i f e t ime  o r  low r e s i s t i v i t y  with a moderate 
l i fe t ime mater ia l .  Recently, Green 1221 has analyzed the e f f ec t  of Auger 
recombination on the open c i r c u i t  voltage and ef f ic iency  and conclude# t h a t  f o r  
heavily and l i g h t l y  doped mater ia l ,  Auger recombination places  the most 
s t r ingent  l imi t a t ion  on so la r  c e l l  performance. 
c i r c u i t  voltage of about 720 mV fo r  ''thick" c e l l s .  As we have seen i n  Section 
IID, the observed p rac t i ca l  l i f e t ime  l i m i t  of the base i s  not Auger but i s  
probably r e l a t ed  t o  a defect/dopant in te rac t io? .  

He estimates a maximum ope3 

Figure 4 shows a p lo t  of the calculated e f f h i e n c y  assuming t h a t  the 
+ 

Clearly a 19b e f f i c i e n t  s o l a r  c e l l  can be made f o r  the l a rge r  value of 'co 

l i fe t ime is  given by Eq. (2) with t of 1 and 10 psec. The parameters of the  n 
region have been adjusted so t h a t  tgey ti0 not contr ibute  t o  losses  of the s o l a r  
c e l l .  
but not fo r  the lower value. 
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D. &rfrce  Prs&vatioq 

In the  ana lys i s  made rbove, i t  wa r u e d  that the  the surfao W 8  L 
W e l l  p8SSiVated, i . e .  8 rooombination W 8 S  negl igible .  h C h  re$O!ent work 
demonstrates the  importrnoe of the  aorreot  trertment of the n region i f  the 
maximum is t o  be obtained from s o l a r  o e l l s  [15,23,241. With 8 bas0 l i f e t ime  of 
10 psec. the  e f f ea t ive  reorimbination velooi ty ,  v = D/Lp must be less than about 
2 x 10' oa/sec. 
emit ter ,  inaluding rurfaoe and mater ia l  reaombinatioa, must be less than tb',. 

To be base l imited requi res  t h a t  the contr ibut ion from the 

Teohniques have been developed f o r  passivat ing both f l 0 8 t  tone and Q, 
[15,24l. 
grown mater ia ls .  
on the l i f e t ime  should be dominrnt even i n  t e l r t i v e l p  l o r  qua l i t y  mater ia l .  
Anger reoorbinr t ion va r i e s  l i k e  the  square of the doping densi ty ,  whereas 
defeot/doping reoombinrtion va r i e s  d i r e o t l y  with doping donsity. This morns 
t h r t  a t  high enough dopin8 the ul t imete  l imi t a t ion  rill be Auger. 
bu i l t - in  e l e o t r i o  f i e l d s  produoed during any d i f fus ion  prooess, e s p e c i r l l y  f o r  
sbrl lor junotions,  rill m i n i m i t e  emi t te r  rooorbination. 

There is no reason t o  believa t h a t  they o r p o t  be rppl ied  t o  sheet 
A t  the  doping lovols  used i n  the n hyer,  Auger l imi t a t ions  

The inherent 

111. SUHMARY 

The optimum Epo o e l l  rill 1 ve the highest  doping oonsis tent  with the  
It probrbly rill be below 1 Oeam. defect/doping limit on l i fe t ime.  

junotion depth w i l l  be shallow with a sheet r e s i s t i v i t y  of a t  l e a s t  100 Q / O .  
Green e t  r l .  1231 have shown t h a t  tke  sheet r e s i s t i v i t y  needs t o  be above 100 
O/O i f  the  reoombinqtion is t o  be dominated by the surfaoe r r t h e r  than the bulk 
proper t ies  of the n region. 

The 

The thickness of the base w i l l  probrbly be determined by the  a b i l i t y  t o  
handle t h i n  shee ts  r r t h e r  t h rn  the requirement f o r  any book surfroe f i e l d .  With 
modest d i f fus ion  lenaths ,  the gain in ef f ic ienoy with brok surface f i e l d s  i r  not 
important u n t i l  the subs t ra tes  a r e  so t h in  t h r t  p r a c t i o r l  hrndling problems ru l e  
out t h e i r  use. For example, the peak effioiencrp f o r  a 100 pm d i f fus ion  length 
BSP 0011, peaks r t  8 S8mplO thickness of about 60 p, but i t  is only rbout 8% 
b e t t e r  than 8 th ick  0 300 ua) solar 0011. 

Anotter o r i t i o t l  rspeot is t o  oontrol the  l i f e t ime  of the Ainirhed 0011. 
Post f8bri08tiOn teohnigUeS h8Ve been developed, SUoh 8 S  hydrogen p8SS.V8tiOBI 
t o  improve mater ia l  qua l i t y  a f t e r  f rb r ioa t ion  (251. 
only 8 r e l a t i v e l y  th in  region is r f feo ted  beoause the open o i r o u i t  voltage and 
f i l l  f ro to r  tire ooatrol led t o  a large extent  by the mater ia l  p roper t ies  very 
close t o  the rurface.  

Thir works w - 1 1  oven though 

IV. 

The 8ohieVeQent of h i i h  o r 1 1  ef f io ienoier  in sheet s i l iaon,  Brown a t  hiah 
r a t e &  and prone t o  oontrin r i p i f i o a n t  d e n s i t i a s  of imporfeations and 
impurit ies,  t eqni res  developients i n  both o ry r t a l  arowth toohnology and 0011 
prooossing rpproaoher. Variations i n  orys ta l  growth of importanoe inalude 
oontrol mer deteot  s t ruoture  and impurity oontent. 
the fo l tor ing:  

Key dovelopaento inolade 

t 

i 
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( a )  Control over impurity content in c r y s t a l  g r m t b  f r m  the  
melt is needed t o  decrease tho number of l i f e t ime  reducing 
impurit ies.  In t he  case of Em, t h i s  includes sppropriate  
pu r i f i ca t ion  of elements of the c r y s t a l  growth machine. 

(b! Control over defect s t r u c t u r e  anr! dens i ty  is needed t o  
minimize defeat-impurity in te rac t ions .  
here include reduct ion i n  p l a s t i c  deformation a s  a 
consequence of post-growth heat treatment and the 
minimization of res idua l  s t r e s s .  In t h i s  context,  i t  is  
preferable  t o  increase the area r a t e  of production by the  
growth of wide c r y s t a l s  grown a t  moderate l i n e a r  growth 
r a t e s  than by increasing l i n e a r  growth r a t e s D  since defect  
generation by p l a s t i c  deformation i n  response t o  
thermo-elastic and thermo-plastic s t r e s s e s  appears t o  be a 
st ronger  funct ion of l i n e a r  growth r a t e s  than of the 
c r y s t a l  width. 

Areas of i n t e r e s t  

(c )  The influsnce and r o l e  of carbon in s i l i c o n  continues t o  be 
an u n b o r n  quant i ty .  A b e t t e r  understanding of the 
influence of carbon (and oxygen) on e l e c t r i c a l  phenomena i n  
s i l i c o n  is  needed. 

Device 2rocessing implicat ions a re  many. The key ones have been touched 
upon i n  t h i s  paper. The funaamental issue i s  one of achieving the optimum 
synergy between base mate t ia l  q u a l i t y  and device processing var iab les .  A t  the  
current  stage of development of low-cost s i l i c o n  sheet  technologies, a strong 
coupling between mater ia l  qua l i ty ,  and thus the  var iab les  during c r y s t a l  growth, 
and device processing va r i ab le s  e x i s t s .  The challenges a re  twofold: (1) t he  
optimization of t h i s  coupling f o r  Faximum performance a t  minimal cos tD  and (2) e 
decoupling of mater ia l s  from processing vy  continual improvement in base 
mater ia l  qua l i t y  t o  make i t  l e s s  s ens i t i ve  t o  processing var iab les .  
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A number of d i f f e ren t  sohemes ro model s o l a r  c e l l s  have been developed 
over the years s ince P r i m ,  [261 showed how o e l l  e f f io iency  varied with brnd 
gap. Probably the  mort acourate and math:watioally rigorous is t h a t  by Haorer 
and co-workers [27,281. They solve the fuaiP-mtal device equations but the 
procedure is  complicated and requi res  large amounts of computer time. Otbdr 
f i r s t  order models such a s  the  use of a sh i f t ed  diode ourve. a typ ica l  example 
being Wysocki and Rappaport [291, do not general ly  allow for inclusion of 
e f f e c t s  such a s  n l r c t r i c  f i e l d s ,  heavy doping and back surf-.oe f i e l d s .  

Recently though, Wolf [17,301 has suggested a teohnique which r e l i e s  on 
the s implici ty  of the diods model but allows inclusion of heavy doping e f f e q t s  
by the concept of a so-called t r a t s p o r t  ve? crity. This idea was introduced by 
Ounn 1311 f o r  th8 study of c a r r i e r  acoumulr,ion r ssoc ia ted  with seriooaductor 
Junctions. Bowler and Wolf [171 have used the technique t o  rake est imates  Qf 
the ult imate e f f ic iency  of so l a r  c e l l s  and how they depend on various 
geote t r ica l  and mater ia l  pa ramte r s .  

I 

We have adapted t h e i r  procedure t o  examine what might bu expected f o r  EFG 
materiel. The t ransport  ve loc i ty  concept was combined with models of charge 
generation and co l l ec t ion  t o  look a t  the so l a r  c e l l  output parameters. 

4 .  As shown by G u n  [311, f o r  p-type mater ia l  the diode current  a t  any 
posi t ion,  j ( x ) ,  can be expressed by 

where n(x)  i s  t h e  minority c a r r i e r  density,  u(x)  is the t ranspor t  ve loc i ty ,  and 
q is the e lec t ronic  charge. 

1' 

I f  the d i f fus ion  coef f ic ien t ,  Do and minority c a r r i e r  d i f fus ion  length,  5, 
are  constant over a region ustween x and x ' ,  u(x0 transforms snch t h a t  

-v 
b 

Thus, i f  we know the  value of u a t  some pos i t ion  x ' ,  then wi th  Bq. (A21 we can 
ca loula t?  it a t  x. I f  the various pa rme te r s  a r e  not oonsLant+ then the region 
can be divided up i n t o  s teps  such t h a t  the v a r i r t i o n  is  mall  over any given 
region and re9eated appl icat ions of Eq. (A21 oan be use. Note that as (x - x ' )  
beoomes lark0 aompared t o  L, u(x1 goes t o  D/L. 

! 

The transformation f o r  a+high/lo$ j-motion (a  cliangt i n  c a r r i e r  
concentration suoh as a t  a pfp or  n/n + junotion) i s  

95 



I 

t 

i 

e 

where 

A t  the junction, n(x.1 is determined by the b8 r r i e r  height, V, such t h a t  
J 

n is the i n l t i n s i c  c a r r i e r  coccentration. 

Combining Bqs. (Al) and (A41 a t  the junct ion and asink the l i g h t  generated 

i 

current,  jbC, t o  o f f s e t  the diode equation, we obtain 

j = jo [exp(qV/kT) - 11 + jsc (ASP) 

A s imi la r  treatmeot rill give the contr ibut ion f r m  the n region. Also, 
t o  account f o r  recombination i n  the  space charge region, a term of the form 
j '[erp(qV/2kT) - 11, where j ' = qn.W/r is added t a  Eq. (Ma) .  V is the  width 
of the  space charge region an8 t = L4/D is  the l i fe t ime.  

Thus, t o  model a so i a r  c e l l ,  r e  divide it up i n t o  regions where the  
propert ies  a re  uniform. S tar t ing  with a value f o r  the surface recombination 
velocity,  S, where o(x )  = S, we apply e i the r  Eq. (A2) o r  (A31 repeatedly u n t i l  
we have arr ived a t  the junct ion with a value of a(..). 
with an expression of the farm 

We next ca l ce l a t e  jsc 
11 

f 

where S(Ai is the f lux  fit the desired spectrum (here we have used M1.5 [ l l l  
nor i r l ized  t o  I00 mW!caa), Q ( A 1  i s  the charge co i l ec t ion  discussed below and 
R(A) is the r e f l e c t i v i t y  a t  the+front surPace. 
charge region and the surface n 

The contr ibut ions from the spece 
layer  a l so  a re  added t o  j 

S C '  

The so la r  c e l l  is now characterized by Zq. (AS) where jo, jot and jsc  
depend on Paate-ial and geometrical parameters. Because of sllrface coverage by 
the ~ e t t !  :r id and opt ica l  losses  in the AB coaring, R(A) is  not zero. For 
s implici ty ,  ic t h e  c r lcn l r t io r ,  R(2.1 = 0.15 was ared f o r  a l l  wavelengths. The 
peak power, 
j (voc)  c C, both of which ergressions were evaluated numerically. 
fac tor ,  FF, i s  

is given by d(jV)dV = 0 and the open c i r c u i t  voltage 1. 
' h e  f i l l  
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A couple of other itoms must 8180 be included. At high carrier 
conoeittationr, Auger and dsfectfdoping recombinatioo beeores irportant and 
their effect oa lifetimo is included. D also depends on carrier concentration. 
Thou@ band gap narrowingr ai varier at hi& doping levels. 
for these depsndeacier were used. 

Appropriate models 

The basic equations governing the flow of minority carriers in a 
semiconductor are the current equation and charge continuity equation 1191, 
which in one dimension are 

i 

U is the net recolbination rate and normally is s e t  equal to d r .  
eqailibrium where an/at = 0 and with no electric field, i.a., E = 0. by 
substituting &. (AB) into (b9) we obtain the diffusion equation 

At 

0 is the optical generation term. For the geametry shown in Fig Al. 
where light can reflect off the back surface, G will be 

where R is the reflectivity of the back surface. 

Ue use the general boundary conditions that the carrier concentration is 
zero at the front junction and that the current, including surface 
rscasbisation, is continuous at x = d 

T 
t 

n = O  at r = O  (A12a) 

r = d  dn 
q D p Snq - Jo 

Jo is the current produced in the region outride d. 
determined by 

The currentr J is 
PI 

J * = q D ; i ; ;  at x = o 

(Al2b) 

(A13 1 
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The soiution requires some algebraic manipulation and is a s  follows. 

+ Jo/[cosh(t/L) + f sinh(t/L)l 

I 

i 
i 

5.1 

where K, = [(D/L 2 aLS) + ( S  2 aD)ctnh(t/L) - 
- exp(+at) (S 2 aDE/sinh(t/L)I 

/[D/L ctnh(t/L) + SI 
-4- For the n layer, a sisihr expression, J , is obtained. It is 

essentially Eqs.  ($14) and (A151 with t replace2 by -t' where t' is the 
thichess of the n region. 

A f t w  multiplying by a factor that accounts for the optical absorption in + the n layer, the charge collection, Q ( A )  used in Eq. (A61 is just 

Typical results are shorn in Fig A2 where the efficiency is plotted as a 
function of thickness of the base thickness for various resistivities, diffusion 
lengths and back surface conditions. 

i 
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Fig. 3. Nomal izer.  s o l a r  c e l l  e f f i c i e n c y  as a f u n c t i o n  o f  poor 
area f o r  d i f f e r e n t  r e l a t i v e  numbers o f  recombinat ion 
centers . 

I 

i 

0.1 

Fig.  4. E f f i c i e n c y  o f  a s o l a r  c e l l  as a f u n c t i o n  o f  r e s i s t i v i t y  
whose m i n o r i t y  c a r r i e r  l i f e t i m e  va r ies  as given by 
Eq. ( 2 )  i n  the  t e x t .  

'. 
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Fig. A l .  Geometry used t o  c a l c u l a t e  
s o l a r  c e l l  performance. The 
photons are  i n c i d e n t  on the  
le f t -hand side. 

I I I I I I 1 

Fig. A2. ( a )  Physical  dimensions and e l e c t r i c a l  parameters used i n  calcu- 
l a t i n g  s o l a r  c e l l  performance. 
s o l a r  c e l l  as a f i i n c t i o n  o f  t o t a l  sample thickness f o r  various 
d i f f u s i o a  lengths and r e s i s t i v i t i e s .  The curve labeled No BSF 
i s  the r e s u l t  w i t h  no bsck sirrface f i e l d  be ing present. 

(b )  Calculated e f f i c iency  o f  
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DYER: Is there stili a preferred orientation of the grain structure in these 
sheet structures, and is that [1101, the surface of it? 

BELL: The surface t8ndS to be OK, the orientation is a (211). Correction: 
it tends to be. 

DYER: What about the sirface? 

BELL: I believe it is close to [llol, we call it an equilibrium structure. As 
you grow, no matter what orientation you start with, you are growing to a 
certain distance. It essentially tends to become [211}. 

DYER: How close is that to <110>? Is it plus or minus 10 degrees, five 
degrees-- -? 

BELL: Ten or 20 degrees is the type of thing that one sees. 

QUESTION: You mentioned the possibility of silicon carbide particles shunting 
the junction. Have you run into a situation where a grid line hits a 
part ic le? 

BELL: Yes, I should mention that in the unfortunate event that a grid line 
hits a particle, the cell is 5;~~iled. Luckily, if you only have 5% good 
coverage and something less than 1 per cube pel em2, the probability is 
fairly low. 

QUESTION: As you go to larger cells the probability of that will increase. 

BELL: That's right, but even when we are talking about 50 cm2 cells it is 
well under 0.1%. I really don't know what the statistics are but it is 
quite low. 

LESK: Ast has written several reports in which he uses a 12OO0C anneal on 
EPG materials, passivates the grain boundaries at this location. The re- 
sults in his reports are quite striking. 
hydrogen passivation. I wonder if you might c0mmer.t on which one works 
best . 

You haven't mentioned that 

BKLL: We find, certainly, that the heat treatments that one gives to the 
material can have fairly dramatic efEects on its behavior. We have found 
that if one goes to a high temperature, like to 1200°, for a fairly 
short period of time - 10 minutes to a half an hour, something like that 
-- often one finds an improved performance. The problem is, we are 
debl!ngwith a fairly complicated situation; material grown from a quartz 
crucible and material grown from a carbon crucible often have somewhat 
different behavior. Although people from Hobil and others have had a lot 
of theories and ideas on what is going on, in my mind there is no clear 
picture. There is a lot of interaction going on. 

QUESTION: I would like io ask a question about hydrogen paosivation. Are 
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these passivating the grain boundaries, mainly, or also impurities and 
defects? How do you apply 9'; in the high-temperature form, atomic form 
or cosmic form? 

BELL: I really w i s h  I had another slide to show the grain. Jack Hanoka is 
going ' 7  discuss the work that we have done with hydrogen passivation; 
1'11 just say that it does passivate the grain boundaries and other 
parameters, but we will let Jack talk about the details. 
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Introduction 

In order to maximize efficiency a solar cell must, a) absorb as much light as possible in electron-hole 
production, b) tr-vwort as large a fraction as possible of the electrons to the n-type terminal and holes to 
the p t y p e  terminal without their first recombining, and c)  produce as high as possible terminal voltage. 
Step a) is largely fixed by the spectrum of sunlight and the fundamental absorption characteristics of 
silicon, although come improvements are possible through texturizing induced light trapping and back- 
surface reflectors. Steps b) and c) are, however, dependent on the recombination mechanisms of the cell. 
The recombination, on the contrary, is strongly influenced by cell processing and design. This paper 
presents some of the lessons learned during the development of the EPRI point-contact-cell (1). 

1 

i 
1 

Cell Dependence on Recombination 

A useful way to visualize solar ce!l operation is through the following pair of equations: 

The first equation is easily derived by integrating the continuity equation (1, p. A-1) and says that the 
minus the recombination current, terminal current, I, equals the photo-current of electron-hole pairs, I 

Irec. In this CR-= the recombination c irrent must be defined as follows 
Ph’ 

(3) - 
‘ret - ‘bulk + ‘ su r fae  + Ip ,o  coot + ‘n,p coot 

The nature of each term in (3) will be described briefly here and then in more detail in the next section. 

Ibulk  is the bulk recombination throughout the entire volume of silicon. In otherwords, if the steady- 
state electron-hole volume recombination rate is R, then Ibulk is the volume integral of R throughout the 
entire device. 

i 

I 

i 
P I  

is the recombination occuring at  the surface in rq ions  with no metal contact. Isu dace 

is the current of holes flowing into the n-type metal contact ( i e ,  the minority carrier p, 0 coot I 
recombination current) and Io, that of electrons flowing into the p t y p e  metal contact. 

To a first approximation the terminal voltage is simply rel:ited to the pn product through equat’on (2) 

which, in  effect, assumes constant qu3si-Fernii levels throughout the device. Even though the actual pn 
product varies with position in a real device, this equation reveals the essential element in device design 
because, aldng with voltage. all the recombination mechanisms increase with pn product. Thus the 
maximum power point occurs at  that pn product which balances recombination loss with voltage gain. 

Improving efficiency comrs down to reducing rwombination as much as possible. 

The last term in equation (2) is the resistive loss in the cell. In devices which rely on conductivity 
modulation to obtain low base region resisitive loss it is additiona;L important tu maintain a high pn 
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product to p~ovide as much conductivity modulation as possible. Thus tbese devices a-e particularly 
sensitve to recombinataion. 

. Reducing Recombination 
f -  - T  f '  .'$1 b v bust yecknxination 

Typically ' ) u k  recombication is a combination of devect related recombination (which is usually 
modeled by a Shocklej-Read-Hall (SRH) type formula, without any real experimental justification), Auger 
recombination, and radiative recombination. !n this case one has 

where 

+ B(pn - ni2) t Co(n2p - no2p,) + 
Cp(P2n - P t n o )  

B = 2 x cm3/sec 
cn = 3 x cma/sec 

c = 1 x cm6/sc.: 
P 

(radiative recombination) 
(eeb Auger coerficient) 

(ehh Auger coefficient) 

(4) 

The radiative term is usually negligible, except wben discussing fundamental limits where the remaining 
recombination terms have arbitrarily been set to zero. Thc magnitudes of Cn and C are mmewhat in 
dispute but are undoubtedly within an orger of magnitude of those shown in equation ( - j  whicb are frcm 

(2). The desitnrr can control Auger recombination only by varying the doping dcnsity as a function of 
position in the device. 

P 

The defect related (SRH) term is strongly dependent on the nature 2nd concemtration of process induced 
defects and contar:.inants. Typically a material will have both dc,.ior and acceptor type deep level defects. 
Ilnlicr low level injection acceptors wil l  usually dominate the recombination process in n-type material and 
vis,-versa in p-type material. This is bccaiise hole capture in n-type material would be the r i t e  limitins 
process 3nd hole capture is an attractive process for acccptois. Under high level injection the SRtf 
recombination lifetime becomes r = l /N,vth(  I / n ,  + I/o ). Ante one of the capture processes (electron 
or bnle) must be attractive and the other neutral one would expect that under high level injeticn the 
!ifetirne would be considerably greater as the nt-utral capture wcornes rate limiting for both acceptors and 
donors. We have found that high level bulk lifdimes ov:r 1000 ps can be obtained in completed devires 
when high resisitivit,y float-zorle silicon is used M the starting material. The low-level lifetime ih typirally 
a factor of 3 to 10 less. Careful processing is required to routinely obtain high lifetime. We have found 
1 he following procedures sufficient (but not necessarily n e c e ~ a r y  ) to this end 

P 

a j  Never use metil tweezers to handle wafers. 

%. 

b) Always perform a RC.4 (3) clean prior to high temperature steps 
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c) Process in a class 100 clean area. 

d )  Perodically clean furnace tubes with HCI. 

surface recombination 

Surface recombination appears to be more a function of the preparation procedure lo; forming the 
passn ating oxide layer, rather thau being highly sensitive to contaminatiou a8 is bulk recornbiaation. 
Those procedures that have been found to produce high quality Si-SiO, interfaces lor MOS transiztors 
appear to minimize the surface recombination velocit,y. 

Dry thermal oxidation followed by a low temperature hydrogenation produces swfaces with a mid-gap 
interface stPte density of tround 1 X 10" /cm2e\-. Figures 1 and 2 show the measured in.erizce state 
density for such an oxide in the upper and lower portions of the bandgap, respectively. These 
measurements, done wing DLTS, show no evidence of the so called U shaped continuum but rather a 
monotonic decreabe from conduction to valence band. 

By performip- an inert atmosphere anneal after oxidation the density of interface states can be reduced 
to about 1 X IO' /cm*eV. Such a surface has  a measured high level interface recombination velccity of 2 

to 5 cmlsec. This rather low value can be understood by referring to figures 3 and 4 whick show the 
measured electron and hole capture cross-sections (I). One finds that the electron capture cross section is 
generally orders of magnit.ude larger than that for holes. Under high level conditions most of the 
recombinar,ion will occur for those states where on and D are approximately equal. This occurs at abou; 

0.2 e\' below mid-gap where they are in the mid 10-1e/cm2eV range. A t  higher energies o becomes 
smaller and limits the recombination rate, and similarly for on. [king the da ta  of figures 1 through 4 to 
calculate the rccombination velocity using SlCH theory yields 2 cm/sec: in agreement with mesurementc. 
(This calculstion asurnes tbnt the interface charge is small enough to produce negligible band bending.) 

P 1 

P 

i. 

The data of figures 3 and 4 indicate the surprising result that p-type surfaces should have a much larger 
rtcombination velocity than n-type because of the large differences in cross sections. We aie currently 
investigating whether  this is proves :o hc the case. 

Further work is nwded to devc. *. methods which produce MOS quality interfaces on very thin oxides 
suitab!e for use under anti-reflection layer>. 

i 

contact rezombination 

Keeping carriers from the contact mctal proves tr, be a most challanging problem of f e cell design. The 
traditional approach is to cr.'ate potential harrirrs by doping which are sufficient, wide to =upport a 
Figriifirant diffuhion pott.ntid (ie.. the gradient in pn product across the barrier does not cause too much 
minority carrier current). 

Hecause of the wrl! known  confluence of heavy doping effects such as reduced bandgap and lifetime such 
hnrrivrs are not 3s effective as one might want. Never-the-less, it can he shown (1,  p. A8) the 
rrcornbination current i n  the barrier and contact cnn always he writen, so long as the doped barrier is not 

high level injected, 

( 5 )  
2 lrec = lo(Pn!ni - 1) 

! 
i 
i ,  
I 

c 

5 

:. . 

109 



'I 

,L, 

c 

i ' 

where the po product is evaluated in the space charge region at the edge of the barrier. I, will be called 
the barrier saturation current in analogy with the terminolog) of ideal diode theory. Indeed, if the 
separation of quasi Fermi levels at  the space charge region equals the applied terminal voltage then 

equation (5) gives the typical 
Irec = $(exp(qV/kT) - 1) 

Calculated saturation rurrents appear in figures 5 and 6 for Gaussian n-type doping profiles (6). Notice 
that in regions which have a high recombination velocity such as under metal contacts, deep diffusions 
with surface concentration around lom cm-3 produce the best results. If such diffusions are used to ktep 
carriers away from swfaces Our experwith low recornbination velocity, then shallorr diffusions nit5 
suiface concentration around 10" cm-' give the best results. Our experience, however, is that in this case 
no diffusion at all is the best choice, provided the surfxe is well passivated. Of course, in a conventional 
cell the surface diffusion has the additional role of transporting majority carriers to the contacts and 
,..nn9t be simply eliminated. in cells with high lifetime and hence long diffusion length, it is possible to 
rely on diffusion qf carriers to th: contact regions and dispense with the surface diffusion except under the 
contacts. This ., the approach of the point-contact-cell (1). 

I t  is interesting to compare t.he rela::;e magnitudes of the various sources of recombination. Assuming 
that, a),we have a 100 pm thick undoped base with a higb level lifetime of 1000 ps, b) the surface 
rec~nbination velocity is 2 cmlsec, and c )  the n and p barrier saturation currents are both 3 X 
.4/crn2 the methods of the preceeding sections can be used to calculate the recornbination currenis. 

When the pil product is (10'' cm3?, as might occur in a concentrator cell, one calcu!ates the following: 

bulk. SRH 
bulk, radiative 
bulk, Augr- 
bur  face 
diffused rcgions 

Jrec P-/cm2 
0.160 
0 032 
0.160 
0.064 
23.5 

These results show the overwhelming influence cf contact recombination on the operation of the cell 
when the other sources of re.-ombina:ion are reduced by careful processing. 4t  a pn product of (3 X 10" 

~ m - ~ )  *, zs might occur at one sun, these rcbults bc-corne 

bulk, SRII 
bulk radiati~e 
bulk ,  Auger 
~u r facr 
dilfused regions 

Ircc mA/cm2 
4.8 
2.9 X 10-2 
4.3 x 103  
1.9 
25.7 

At one sun the rontact recombination dominates the other sources of recombination , though not so 

completely as in the concentrator case. 
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DISCUSSION 

LINDHOLM: Dick, I have a couple of questions. The first is in connection 
wit3 your last remark. 
three-dimensional code? 

Do you think you need a two-dimensional code or a 

SWANSON: For the point contact cell I think you need a three-dimensional code. 
If you made the lines as stripes, a two-dimensional code would be 
adequate. 

LINDHOLW: Would you canment on your preference for the open voltage over the 
conductivity method for determining high injection lifetime? Why you use 
it at the end, and also say a little amre on the photoconductive decay 
method for in-process lifetime? 

SUAUSON: The open-circuit voltage decay: I like it because it is v6ry easy to 
do, and once you understand what it is doing it is easy to extract data 
from it. In the type of cell we are talking about, where the diffusion 
length is much greater than the thickness o f  the device: after inter- 
rupting the current, a very short period of time later the carriers are 
more or less uniformly distributed from the front to the back of the 
device, and this makes the analysis of the transient very simple. 
Basically you have one recombination term that is going as n2, that is 
the diffused areas, and that gives you a steeper slope in the beginning. 
It allows you to extract the JO'S and then it goes into a linear region 
where the recombination going is n, and there is a straight line on the 
decay, and you pick the lifetime off that. 

LINDHOLM: Have you written smething on that? Published? 

SWANSON: No. There is, but I am just using things from the literature on it. 

LINDHOLW: How about the photoconductivity decay in process lifetime monitor- 
i ng? 

SWANSON: That is essentially a similar circuit to the one in High Lifetime 
Factors in Silicon Processing, which is a book from ASCF. Our particular 
implementation of it is simply a three-turn coil with 10 megahertz of RF 
flowing through it that is laid near the sample, and then we use a General 
Radio strobe attached to it to excite the carriers. We look at, essen-- 
tially, the back EllF across the coil as a function of time, which -- in 
effect the silicon looks like a single-.turn secondary, coupled to this, 
whose resistance is a function of time, and that gets reflected into the 
impedance looking into the coil, so that the real part of the impedance 
of the coil is a function of the conductivity, etc. I will send you a 
writeup we have on that. 
Westinghouse wanted to see it, so I made a bunch of copies. We had no 
intention of publishing because it really is the same - - 

I wrote it up because the people from 

SPITZLR: I am interasted in hearing some more about your tips for high- 
lifetime processing. That is solcething we are working hard on. The 
first question is: did you find it necessary to use double--wall furnaces, 

L 
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or do you use those? 

* 't 

SWANSOM: Well, Mark, you will have to understand: being in the University 
environment, I have no sacrets at all. However, we have tried silicon 
tubes, silicon carbide tubes, double-wall quartz tubes, double-wall quartz 
tubes inside of silicon carbide tubes, and plain silicon tubes with and 
without alumina liners. 

! 
SPITZER: We can't afford that in industry. 

SUMSON: We couldn't afford that either. They were all given to us by inter- 
ested parties. M a t  I can say in retrospect is, though, that the system 
we are using now, which has given us the best results, is a plain quartz 

\ 

t tube inside an alumina liner. 

SPITZER: What about processing gases? Did you spend a lot of time judging 
various suppliers and things like that? 

SWAIiJSON: We did. We just used boil-off nitrogen and oxygen but we have had 
about five major lifetime crashes in the history of the program. 
time we thought it was gas. 
gas sysLem and saw aulpl.ur dioxide in the nitrogen and thought it was 
sulphur but then it turned out that was an artifact of the residual gas 
analyzer, and it turned out not, in that particular case, to be from the 
gas but to be from bacteria in the water. 
evidence in boil-off that there was any need for more purity than we are 

At one 
We hooked up a residual gas analgzer to our 

.-, 
S f  
tail 

.;{ 
1 So we have never seen any 

1. 
t obtaining routinely in the boil-off. 

SPITZER: Do you use boil--off hydrogen? 

SWANSON: We don't use hydrogen. 

SPXTZER: No hydrogen. 

SCHRODER: How do you measure S of 2 cmlsecond? 

SWANSON: We measured that by the photoconductivity dc:ay method. 

SCHRODER: These are surface recombinations velocities, right? 

SWANSON: These are high-level surface recombinations velocities, which were 
measured by taking samples of different thicknesses, ranging f r m  around 
20 micrmeters to 300 micrometers, and their high-resistivity float-zone 
material, oxidizing both sides and measuring the recombination lifetime, 
with our standard, as a function of thickness. 

WOLF: Do these lifetimes then include the effect of the accumulatioa layer? 

i 

SWANSOW: ' ' 0  measure effective recombination lifetime. However, the oxides we 
have produced, which are standard HOS-type oxides, have fiX8d charge den- 
sities under lo9, I think, and when they are injected at lo1', any 
kind of potential band due to that is very, very small. One of the 
challenges tnat faces one in this, one we have not fully resolved, is how 
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to get similar performance on very thin oxides suitable for putting under 
an antireflection coating. 
oxides, high-temperature dry oxidation followed by nitrogen atmosphere 
anneai and low- temperature hydrogenat ion. 

These are ali state-of-the-art MOS-type 

WOLF: Now, what you mentioned about the DI water and the bacteria s2unds 
extremely interesting and it seems to me that. you said if you have really 
pure water then there are no bacteria. 
indication whecher your water is basically purified well or not. Is that 
right? 

So the bacteria comes with the 

SWANSON: No. The problem is that most people monitor - -  at least, in our 
laboratory until we discovered this 
but not bacteria count. 
hsve a very high bacteria count. 

we routinely monitor resistivity 
The resistivity can be in real good shape and 

WOLF: DI water generally does not contain ions, and still bacteria can thrive 
on that? 

SWANSON: I really don't know how they live in there but they do. 
olize the plastic pipe, or that is what I have been told. They are 
anaerobic and whatever, 

They metab- 

TAN: Allow me to make a conment on your last. Except for the first item, 
which is the float-zone silicon, the rest is standard practice of the 
integrated circuit industry. Off the record, I can also support him 
about the bacteria business. It is a11 true. 

SWANSON: I don't know how you can go about getting these kinds of lifetimes 
in Czochralski or other materials. We were misled because, being a poor 
university, we were in one of those periods where silicon was hard to 
get. Wacker gave us silicon in boxes that said it was Czochralski 
material. But it turned out that it was mislabeled. It was actually 
float-zone material. K* worked on that for a year, and we then ordered 
new material from them thinking they have got the hot stuff. It came 
back that we were getting 20 to 50 microseconds, and that is when we had 
the material analyzed and found that it was indeed €loat-zone material. 
Then we worked with the Czochralski material for ovtsr a year and were 
unable to get the lifetime. 

SCHWARTZ: How did you measure the capture cross sections in surface states? 
To me it is a very surprising result. 

SWANSON: It was to us too, and these data are being prepared for publication. 
It was dons using DLTS in a capture mode. Just like you would use DLTS 
for bulk levels by shortening and filling the pulse width. 
essenkially small-signal DLTS, where we wiggled the interface a little 
bit, so we filled emptying traps in a de about a known point, and then 
varied the filling pulse time and watched the decay signals. 

We used 

SCHWARTZ: It appears to me that your fall-off in capture cross section is so 
rapid that one would not see it, so that experiment doesn't seem to fit. 
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SWANSOW: Right now we are making measurements of recombination velocity 
versus doping levels to see if we get the results predicted by 
integrating the SW equation wer those. 

. .  
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ABSTRACL 

The MINP s o l a r  ce l l  concept r e f e r s  t o  a ce l l  s t r u c t u r e  designed t o  be a 
base region dominated device.  Thus, i t  t8 d e s i r a b l e  t h a t  recombination l o s s e s  
are reduced t o  t h e  point  t h a t  they occur on ly  i n  t h e  base region. The most 
unique f e a t u r e  of  t h e  MINP ce l l  design is t h a t  a tunnel ing con tac t  is u t i l i z e d  
f o r  t h e  nietalllc con tac t  OR t he  f r o n t  su r f ace .  The areas under the  c o l l e c t o r  
g r i d  and bus ba r  e r e  passivated by a t h i n  oxide of tunnel ing thickness .  
E f f o r t s  must a l s o  be taken t o  rrinimize recombination a t  the  s u r f a c e  between 
g r i d  l i n e s ,  a t  t h e  j u n c t i o n  per iphery and witi i in t h e  emitter. 
i nc ludes  r e s u l t s  o t  both t h e o r e t i c a l  and experimental  s t u d i e s  of s i iScon  
M I N P  c e l l s .  Performance c a l c u l a t i o n s  are descr ibed which g i v e  expected 
e f f i c i e n c i e s  as a func t ion  of base r e s i s t i v i t y  and j u n c t i o n  depth.  
and C h a r a c t e r i z a t i o n  of cel ls  are discussed which are based on 0.2 obm-cm 
s u b s t r a t e s ,  d i f f u s e d  e m i t t e r s  on t h e  o r d e r  of 0.15 t o  0.20um deep, and with 
Mg M I S  c o l l e c t o r  g r i d s .  
Detai led ana lyses  of photocurrent  and c u r r e n t  l o s s  mechanism a r e  presented 
and u t i l i z e d  t o  Jiscuss f u t u r e  d i r e c t i o n s  o f  research.  F i n a l l y ,  r e s u l t s  
reported by othe:: workers a r e  discussed.  

This paper 

F a b r i c a t i o n  

A t o t a l  area, AM1 e f f i c i e n c y  of 16.8% has been act ieved.  

1. INTRODUCTION 

This  paper concerns approaches t o  high e f f i c i e r i cy  s i l i c o n  s o l a r  c e l l s  
based on t h e  MINP concept.  This term is used t o  denote  ;hallow j u n c t i o n  
@/P ce l l s  which u t i l i z e  a MIS con tac t  f o r  t h e  f r c n t  c o l i e c t * > i  ? r i d .  The 
M I N P  s t r u c t u r e  was first discussed by Green, e t  a l .1  k x e n t l y  Green and 
coworkers have f a b r i c a t e d  c e l l s  e x h i b i t i n g  e f f k i e n c j e s  on t h e  o r h e r  of 19%. 
A s  a r e s u l t ,  t h e  .;IW concept has become one of t h e  most prorni2ing a p p r o a c b s  
:o f a b r i c a t i n g  high e f f i c i e n c y  s i l i c o n  cel ls .  

J 

Key f e%tures  of N L N P  c e l l s  are descr ibed i n  Figure 1. A shal low e m i t t e r  
i s  used i n  an e f f o r t  t o  minimize c u r r e n t  l o s s e s  i n  t h e  emitter reZion. The 
f r o n t  s u r f a c e  is passivated t o  reduze s u r f a c e  recombination. I f  t h e  base 
region l o s s e s  can be reduced a3 a r e s u l t  of a back-surface-field,  then a 
@ region is  e s t a b l i s h e d  a t  t he  back surEace. In  o r d e r  t h a t  t h e  emitter 
c u r r e n t  l o s s e s  a r e  f u r t h e r  r e d u c e d ,  an MIS con tac t  is used f3r t h e  front: 
c o l l e c t o r  g r i d .  
Thus, t h c  a r e a  under t h e  f r o n t  con tac t  i s  a l s o  passivated.  T i  and Mg have 
work func t ions  below 4.0 eV. A s  a r e s u l t ,  t h e s e  two metals  s r e  a p p r o p r i a t e  
f o r  t h e  f r o n t  t unne l ing  contact .  I n  summary t h e  MINP c e l l  has  f e a t u r e s  s i m i l a r  
t o  o t h e r  shal low e m i t t e r ,  high e f f t c i e n c y  s i l i c o n  cel ls .  C lea r ly ,  t h e  most 
unique feature is  the  MIS ( t u n n e l i n g )  c o n t a c t  used f o r  t h e  c o l l e c t o r  g r i d .  

A metal m u s t  be chosen which w i l l  accumulate t h e  N+ su r face .  

I n  t h e  next  s e c t i o n  the  t h e o r e t i c a l  performance of M I N P  c z l l s  wil.1 be 
discussed.  De ta i l ed  d i scuss ions  a r e  then given regarGing c e l l  f a b r i c a t i o n ,  
photocurrerit ,  c u r r e n t  loss mechanisms, t h e  Mg/nSi t unne l l ing  c o n t a c t ,  and 
s o l a r  c e l l  e f f i c i e n c y .  
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W e l i n g  c a l c u l a t i o a s  have been conducted t o  a p p r a i s e  t h e  p o t e n t i a l  o f  
t h e  MXNP concept and t o  provide guidance f o r  device design. biese s t u d i e s  
a t e  based on two sources  of t r i no r i ty  carrier lifetime d a t a ,  namely, t h e  LSA 
advisory board2, and t h a t  of F i sche r  and Pschunder3. 

In  order  t o  determine a n  upper l i m i t  t o  ce l l  performance, i t  was assumed 
t h a t  t he  device properties were completely determined by the  base region. 
Thus, t h e  j u n c t i o n  depth was considered t o  be van i sh ing ly  small and the  f r o n t  
su r f ace  recombination v e l o c i t y  was set equal  t o  zero. k d e l i a g  c a l c u l a t i o n s  
discussed in t h i s  paper are based on an assumed ce l l  t h i ckness  of 380 pm (15 
m i l s ) ,  s i n c e  experimental  s t u d i e s  have p r imar i ly  bezn based on cel ls  wi th  t h a t  
t h i ckness  . 

Calculated values  of t h e  maximum, a c t i v e  a r e a  photocurrent are p l o t t e d  
ve r sus  base region r e s i s t i v i t y  i n  Figure 2. The modeling calcuLat ions wert 
c a r r i e d  out for  t h e  two sets of l i f e t i m e  d a t a  and f o r  two cond i t ions  a t  t h e  
back contact.  An AM1 i r r a d i a n c e  spectrum a p p r o p r i a t e  f o r  Phoenix, A r i z m a  
was used i n  c a l c u l a t i n g  photocurrent.  

Theore t i ca l  va lues  of t h e  r eve r se  s a t u r a t i o i  currel ' t  (Jw) ar3 p l o t t e d  
ve r sus  base res i s t iv i ty  and NA i n  Figure 3. 
narrowing are taken i n t o  account as done i n  Reference 1. Calculated va lues  
of Voc are a l s o  given assuming Jsc = 36 mA/cm . With LSA l i f e t i m e s ,  
f o r  a base 
t i o n ,  t he re  is no reason t o  zse base r e s i s t i v i t i e s  below 0.1 ohm-cm. 

Auger recombination and bandgap 

2 
region dominated cell can approach 690 mV. Due to Aclger 

Calculated acti-Je area AM1 e f f i c i e n c i e s  are describe:! by Figure 4. I f  
one assumes t h a t  l i f e t i m e s  are given by LSA va lues ,  then a base r e s i s t i v i t y  
i n  the  range of 0.1 t o  0.2 ohm-cm is optimum f o r  c e l l s  w i th  ohmic c o n t a c t s ,  
while the r e s i s t i v i t y  can be any value g r e a t e r  than 0.1 ohm-cm f o r  cel ls  -wit: 
a BSF. I f  FP va lues  are assumed, then i t  is b e s t  t o  use  base region r e s i s t i v i t i e s  
between 9.1 and 1.0 ohm-cm. 

3.  CELL FABRICATION 

L f '  
- !  

The b a s i c  approaches t o  c e l l  f a b r i c a t i o n  involve s t e p s  l i s t e d  i n  Table 1. 
To da te  emitter d i f f u s i o n s  have been obtained from ASEC an& Spectrolab.  
The junc t ion  depths a r e  on t h e  o r d e r  of 0.15 t o  0.20 urn. 
t i o n  p r o f i l e s  obtained by SIMS and sprea6ing res?.stance a c a l y s i s  (SPA) are 
shown i n  3 g u r e  5 .  The el  -9r limits are est imated t o  be + 50% f m  both pro- 
f i l e s .  Thus, t h e  e r r o r  l i m i t s  over lap.  Although ve ry  l lmi t ed  d a t a  has been 
acquired, i t  a pears  thai: t h e  s u r f a c e  donor concen t r a t ion  is on the  o r d e r  of 

Phosphorus conceatra-  

0.5 t o  1.0~102 5 cm-3. 

In the  case of approach A (Table l ) ,  t h e  wafars are s c r i b e d  artd c leaned,  
an A 1  l a y e r  i s  deposi ted on to  t h e  back surface.  
e s t a b l i s h e s  an ohmic con tac t  on t h e  back and a 15 t o  20 A, t unne lab le  oxide 
forms on the  f r o n t  su r f ace .  This oxide layer provides some p a s s i v a t i o n  on 
t h e  f r o n t  surface.  Of  course,  it a l s o  s e r v e s  as an i a t e r f a c i a l  l a y e r  f o r  
t h e  MIS, co l l ec tDr  g r i d  or ' tunnel ing '  c o n t a c t s  on t h e  f r o n t  su r f ace .  
The MIS c o l l e c t o r  g r i d  is formed with a low work func t ion  metal. Mg has  
been used i n  t h i s  work. Uaing Approach A, t h e  ce l l  i s  completed by deposi- 
t i n g  an AR coat ing(s1.  

Heat t reatment  a t  5OO0C 

The key d i f f e r e n c e  w i t h  Approach B is t h a t  a 100 
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o 151! A laxer pf Si02 
is grown onto t h e  f r o n t  s u r f a c e  t o  achieve a lower Sur i ace  State end ty .  
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I n  o r d e r  t o  maximize t h e  photocurrent ,  and t o  I n t e r p r e t  Experimental 
r e s u l t s ,  d e t a i l e d  ana lyses  of photon and carrier economy have been c a r r i e d  out.  
In p a r t i c u l a r ,  optimum AR s t r u c t u r e s  have been determined f o r  bo th  pol ished 
and t ex tu red  cells. E s s e n t i a l  i n fonua t ion  f o r  such a n a l y s i s  is t h e  i n t e r n a l  
photoresponse f o r  t h e  ceil.  

Figure 6 shows a t y p i c t l  r e s u l t  f o r  t h e  i n t e r n a l  photoresponse of a 
pol ished cel l  s t r u c t u r e .  Calculated curves are bas& on ce i l  parameters PS 
indicatd.  The wave l e n g t h  region between 350 nm and 1050 me is t h e  most 
important one f o r  determining t h e  minor i ty  carrier d i f f u s i o n  length.  
of L = 150 m appears  t o  f i t  t h e  d a t a  f a i r l y  wli. 

A va lue  

Figure 7 d e s c r i b e s  t h e  apprcach tahen i n  determining t h e  o p t i m m  AR l a y e r  
s t r u c t u r e  f o r  pol ished and t ex tu red  cells. 
for each l a y e r  i n  t h e  m u l t i l a y e r  s t ack .  
is calcufat.cd wii:h a computer code, and used in an i n t e g r a t i o n  over  t h e  chosen 
i r r a d i a n c e  spectrum. 

Optical c c o n s t a n t s  must be known 
Photon t r ansmi t t ance  i n t o  s i l i c o n  

The optimum AR l a y e r  s t r u c t u r e  is determined by maximizing 

Figure 8 sumnarizes c a l c u l a t i o n  of JPH f o r  pol ished and t e x t u r e d  cells. 
The a c t i v e  area JPH i s  p l o t t e d  v e r s u s  

For a s l n g l e  
Most of t h e  p l o t s  are f o r  L = 150 pm. 
Nl, t h e  index of t h e  a n t i r e f l e c t i n g  l a y e r  a d j a c e n t  t o  s i l i c o n .  
LR case (1L-AR), N] is  of course t h e  index of t h c  s i n g l e  AR coating. 
each va lue  of N 1  ir. single AR s t r u c t u r e s ,  t h e r e  i s  3n optimum va lue  of t h e  
l a y e r  thickness .  In t h e  case of a two l a y e r  s t r u c t u r e ,  t h e r e  are, of cour se ,  
optimtna va lue  of t h i ckness  a t  which t h e  p l o t t e d  va lue  of JPH occurs.  

For 

Calcu la t ions  show t h a t  i t  is d e s i r a b l e  t o  u s e  a t ex tu red  stirface.  A single 
AR coa t ing  on t o p  of a t ex tu red  ce l l  l e a d s  t o  a p o s s i b l e  38.3 mA/cm2 compared 
t o  the poss ib l e  37 mA/cm2 achievable  wi th  a double AR on a pol ished su r face .  
Fu r themore ,  with a double AR on a texti ired s u r f a c e ,  a va lue  of  , lear ly  39 
mA/cmz becomes poss ib l e .  Thus r e s u i t s  are based on assming L = 150 m. 
I f  one assumes a Fischer-Pschunder value f o r  L (500 p), a va lue  of 42.5 
m A / c m 2  becomes a p o s s i b i l i t y .  

Table 2 i n d i c a t e s  some of t h e  b e s t  a c t i v e  area va lues  of JPH measured by 
SERI. Those v a l u e s  are f a i r l y  compatible with r e s u l t s  given i.n Figure 8 .  
It  would appear  t h a t  t h e  d i f f u s i o n  l eng th  of t h e  material used by Green and 
coworkers is s l i g h t l y  l a r g e r  than l5@ p. The . J a S  r e s u l t  of 37.8 rndcm2 
f o r  2 textured!lL-A!t case is  s l i g h t l v  less than t h e  p o s s i b l e  38.2 m A / c m 2 ,  
probably due t o  absorpt ion.  The S p i t e  r e e s u l t  may be due t o  a smal.ler 
d i f f u s i o n  l e n g t h  6 7  abso rp t ion  i n  t h e  AR coat ing.  

5 .  -CURRENT LOSS -- MECHANISMS 
Current-voltage c h a r a c t e r i s t i c s  are being s tud ied  i n  d e t a i l  i n  o r d e r  

t h a t  l i m i t i n g  current.  mechanisms can be i d e n t i f i e d  and understood. Figure 9 
summarizes the  theo ry  f o r  t h e  c u r r e c t  l o s s  mechanisms under cons ide ra t ion .  
Temperature dependent current-vol tage c h a r a c t e r i s t i c s  a r e  p a r t i c u l a r l y  u s e f u l  
f o r  determining I-V mechanisms. 
n-vzlue and magnitude of Jo can o f t e n  suggest  the o p e r a t i v e  c u r r e n t  l o s s  mech- 
anism. Table 3 l is ts  t h e  range of va lues  f o r  key I-V parameters.  

The a c t i v a t i o n  energy coupled with the  
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The emitter recombrnat ion  c u r r e n t  l i k e l y  t o  be a dominant l o s s  mechanism 
l u e s  o f  JOE are  p l o t t e d  vs  t h e  s u r f a c e  i n  low r e s t a t i v t t y  d e v i c e s .  C a l c u l a t e d  

donor  c o n c e n t r a t i o n  (Ns) i n  F igu re  10. 
t o  c a l c u l a t e  JOE. 
t h e  emitter are t a k e n  i n t o  accouc t .  
and ?'P l i f e t i m e s ,  as well as ohmic and BSF c o n d i t i 3 n s  f o r  t h e  back c o n t a c t .  
In a d d i t i o n .  v a l u e s  of  Voc c a l c u l a t e d  assuming 3,.c = 36 d c m -  a r e  g iven .  
The e s t i m a t e d  v a l u e  of Jo f o r  t h e  15Z ceLl of  Green, e r  a1 is based on t h e  
assump:ion t h a t  n = 1. 

The work of Fossum and Sh ib ib4  was used  
The e f f e c t s  of bandgap narrowing and of t h e  l o w  l i f e t i m e  i n  

Vzlues  of JOB are i n d i c a t e d  assuming LSA 

3 

7-V d a t a  a r e  t aken  w i t h  a computer  based d a t a  a c q u i s i t i o n  sys tem o v e r  a 
range cf t e m p e r a t u r e s  apd under  bo th  d a r k  and i l l u m i n a t e d  conditions. The 
approzch  to  d a t a  a n a l y s i s  is summarized i n  F igu re  11. The approach used f o r  
zna lyz ing  i l l u m i n a t e d  d a t a  is similar.  I n  g e n e r a l ,  we obse rve  t w o  c u r r e n t  
mechan i sm,  one dominant a t  low v o l t a g e s  and one  dominant a t  h i g h e r  v o l t a g e s .  
These c u r r e n t  mechanisms are r e f e r r e d  t.9 as t h e  lower and upper  mechanisms, 
r e s p e c t i v e  1 y . 

Transformed I-V c h a r a c t e r i s t L c s  f o r  an MINP cell a r e  shown i n  F i g u r e  12. 
The tm mechanisms are c l e a r l y  e v i d e n t .  Values  f o r  t h ?  JO and n of t h e  upper  
mechanism, and Jo and B cf che lower mechanism were determined f o r  each  temp- 
e r a t u r e .  R e s u l t s  are t y p i c a l l y  o b t a i n e d  f o r  ten t e n p e r a t u r e s .  "he v a l u e  of 
t h e  upper  mechanism is p l o t t e d  v e r s u s  11)00/T i n  F igu re  12.  From t h i s  p l o t ,  
one o b t a i n s  a v a l u e  :or I$ = 1.08 eV. I n  a n a l y z < ? g  tnnf! t empera tu re  dependent  
d a t a ,  J (T)  i s  assumed t o  v a r y  w i t n  t empera tu re  dS L--(T-?~) ,  w i t h  To = 100%. 00 

So-e r e s u l t s  of I-V a n a l y s e s  c a r r i e d  o u t  f o r  YIXP c e l l s  are g i v e n  i n  
Tab le  4. In p a r t i c u l a r ,  t h e  r e s u l t s  f o r  t h e  upper  mechznism are g iven .  
The lower mechanism i s  d i s c u s s e d  beloir. R e s u l t s  f o r  a n a l y s i s  of b o t h  i l l umina -  
ted and d a r k  d a r a  arr given. Only r e s u l t 5  of 1-V a n a l y s e s  were i n c l u d e d ,  for 
which t empera tu re  s t u d i e s  were made, e x c e p t  f o r  ce l l s  84-21 and 84-2;. These 
d e v i c e s  were made j u s c  r e c e n t l y .  
eV, i t  a p p e a r s  t h a t  t h e  c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c s  are l i m i t e d  by  t h e  
emitter c u r r e n t  w i t h  bandgap n a r r o v i n g  of L E  -: 0.12 zV. I n  a i l  o €  t h e  o t h e r  
cases, n is ir! t h e  range  of 1.04 t o  1.Q9, and 4 1  l i es  IP t h e  range of 0.7 t o  
0.8 e V ,  excep t  €or c e l l  54-5. These pa rame te r s  s d g g e s t  e i t h e r  dep le t io r .  
r e g i o n  r ecombina t t an  o r  f i e l d  emiss ion .  F u r t h e r  s t u d y  i s  r e q u i r e d  t o  a l l o w  
one  t o  choose between t h e s e  p o s s i b i l i t i e s ,  and t o  r e l a t e  che r e s u l t s  t o  proces-  
sing. It i s  n o t  clear a t  t h i s  time what ! s  t h e  p rope r  moael f o r  95-5. 

Consider  c e l l  83-25. S ince  n = 1, and 4 = 1.08 

The upper  mechansin is u s u a l l y  d e s c r i b e d  by n = 1.0 t o  1.07 and J,, = 
i-t t h i s  p o i n t  i t  would appea r  t h a t  recombina t ion  i n  t h e  2 x 10-12 A/cm2.  

d e p l e t i o n  r e g i o n  o r  f i e l d  emis s ion  by h o l e s  n e a r  t h e  m e t a l l u r g i c a l  j u n c t i o n  
e x p l a i n  t h e  upper  mechanism. A p o s s i b l e  r e d u c t i o n  of t h e  rnagni t .de of t n i s  
mechanism may be accomplished by r educ ing  Ns. 

The l o v e r  mechanism is n o t  p r e s e n t l y  l i m i t i n g  c e l l  performance. I t  
cou ld  do so i n  t h e  f u t u r e ,  as t h e  upper  mechanism is improved. Thus, we  
must e v e n t u a l l y  unders tand  t h e  lower mechanism. 
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6. THE &/*Si TUNNELING CONTACT 

,- .. 
L .. 

The HIS collector g r i d  is a key f e a t u r e  of t h e  HINP cell. The term 
' tunne l ing  con tac t '  is o f t e n  app l i ed  t o  t h i s  c o n t a c t  and will. k used i n  
t h i s  paper. Figure 1 3 A  i l l u s t r a t e s  t h e  expected e l e c t r o n  band diagram a t  t h e  
ng-nSi i n t e r f a c e .  Sioce t h e  work f u n c t i o n  of Mg is less than  4.0 e V ,  t h e  
s i l i c o n  surfa:e is accumulated as shorn. 
through t h e  20 A i n t e r f a c i a l  l a y e r ,  thus providing a good ohmic c o n t a c t .  

Majori ty  carriers can r e a d i l y  tunne l  

The p r i a a r y  purpose f o r  using a tunne l ing  c o n t a c t  is t o  minimize t h e  
recambination under t h e  con tac t .  Thus, i t  is of i n t e r e s t  t o  estimate t h e  sur- 
f ace  recombination v e l o c i t y  f o r  t h i s  i n t e r f a c e .  W e  w i l l  examine t h i s  questfon 
in two ways. F i r s t ,  i t  is i n f o w a t i v s  t o  i n v e s t i g a t e  HIS diodes on p-type 
s i l i c o n .  
& / p s i  HIS cel ls  have been f a b r i c a t e d  and found t o  have e x c e l l e n t  p rope r t i e s .  
Figure 14 shows I-V characteristics f o r  CM devices .  Device 82 %Si-14 shows 
a r a t h e r  weak lower vo l t age  mechanim, while t h e  more r e c e n t l y  f a b r i c a t e d  
d e v i c e  84 %Si-1 e x h i b i t s  e s s e n t i a l l y  no lower mechanism. 
t h e  upper mechanism f o r  84 MgSI-1 correspond to an ideal diode. Thc I-V 
parameters are n = 1.00 and Jo = 4.8 x lo-'' A / a a 2 .  This va lue  of J 

Thus, one can conclude t h a t  in t h e  case of an %/ps i  c o n t a c t ,  t h e r e  is no 
s i g n i f i c a n t  s u r f a c e  recolabination ( c )  , o r  t u n n e l i n g / r e c m b i n a t i o n  (d) .  

Figure 1 0 B  i n d i c a t e s  poss ib l e  comman c u r r e n t  l o s s  wchanisms. 

More s i g n i f i c a n t l y ,  

can be 
i n t e r p r e t e d  in t e n s  of a b a r r i e r  he igh t  of $BE. = Eg znd A = 32 a/- %! . 

The I-V ana lyses  of HINP ce l l s  can p r  v ide  information a b u t  s l ~ r f a c e  
recombination under t h e  Hg c o n t a c t  on N+/P s t r u c t c r e s  clcre d i r e c t l y .  
con tac t  area is not t h e  same f o r  t h e  ce l l s  l i s t e d  i n  Table 4. Re fe r r ing  t o  
cel ls  84-21 and 84-22, t h e  Mg con tac t  area d i f f e r s  by a f a c t o r  of 20. Y e t  
t h e  Jo is very similar f o r  t h e  two devices.  
than f o r  84-22. I f  recombinarion under t h e  Mg c o n t a c t  were t h e  domLnant Lnss 
mechanism f o r  84-22, t h e  JO should be smaller f o r  a device with t h e  con tac t  
covering less area. 

'!-IC? Mg 

In f a c t ,  Jo f o r  34-21 is larger 

More e f f o r t  w i l l  be devoted t o  c h a r a c t e r i z e  recombination under t h e  MIS 
contact. 
t o  decrease below 10-12 A/cm2. 

However, recombination l o s s e s  appear t o  be low enough t o  a l l o w  Jo 

7. CELL EFFICIENCIES 

Two types of c e l l  s t r u c t u r e  are being pursued, namely: a n  MINP configu- 
r a t i o n  with a pol ished f r o n t  s u r f a c e ;  and MINP ce l l s  w i t h  t ex tu red  f r o n t  
su r f aces .  These s t r u c t u r e s  w i l l  be r e f e r r e d  t o  as ' po l i shed '  and ' t ex tu red ' .  

The best result  obtained wi th  a polished ce l l  i s  desc r ibed  by Figure 11. 
The current-vol tage c h a r a c t e r i s t i c s  were measured by SERI. As r,3ted, t h e  
e f f i c i e n c y  was 15.6%, and VOC = 636 mV. This c e l l  u t i l i z e d  a sing12 AR l a y e r  
of  S I O .  The S I 9  is deposi ted r a p i d l y  so t h a t  t h e  index of r e f r a c t i o n  is near  
1.9. Ar.alysis i n d i c a t e s  t h a t  a s i l i c o n  homojunction with a s i n g l e  AR l i y s r  
can provide an a c t i v e  area A M l  photocurreat  of 35.5 mAlcm2. The t o t a l  area 
c u r r e n t  in such a case f o r  ou t  ce l l s  woiild he 33.4 mA/cm2 (6% shadwlng) .  
The b e s t  t o t a l  area va lue  of JSC obtained f o r  a ce l l  with a single S i 0  layer  
is 31.8 mum2. 
due t o  photon abso rp t ion  in t h e  S i 0  fi lm. 
t h e  use of a double AR coa t ing  on a polished ce l l  s t r u c t u r e .  

Thus, i t  appears  t h a t  approximately 1.6 mA/cm* are l o s t  
Future  e f f o r t s  w i l l  concen t r a t e  on 
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SERI measured current-vol tage c h a r a c t e r i s t i c s  f o r  t h e  best tex tured  cel l  
are g iven  i n  Figure 16. 
FF and VOC are s l i g h t l y  lower than %at achieved with a polished cell .  
of t h i s  decrease  is due to  t h e  f a c t  t h a t  t h e  j u n c t i o n  area of t h e  textured ce l l  
is larger than t h e  s tandard cel l  by a f a c t o r  of 1.7, but  most of t h e  e f f e c t  
is pr imar i ly  because t h e  j u n c t i o n  has not  been optimized f o r  t h e  textured cells. 

Althougn J has been increased to  35.5 mA/cm2,  
P a r t  

8. CONCLUSIONS 

The MINP ce l l  s t r u c t u r e  i s  a shal low emit ter  ce l l  s t r u c t u r e .  The unique 
f e a t u r e  of t h e  HINP cel l  i s  t h e  tunnel ing c o n t a c t  used for  t h e  c o l l e c t o r  g r i d .  
Like any shal low emitter cell., tile f r o n t  s u r f a c e  must be w e l l  passivated and 
emitter losses minimized before  base l i m i t e d  performance can be echieved. 

kind of property improvements needed :o achieve 20X, and then 25%. 
g C Z l  ,Il,cfescies of 25X should e v e n t u a l l y  be poss ib le ,  Figure 17 i n d i c a t e s  t h e  

The au thor s  wish to acknoh-leape t h e  f i n a n c i a l  suppor t  zf the Saslsr E n e r a -  2e- 
search Inst i tc te  (,?cztrart XBS-2-02092-5 ).  
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TABLE 1 

MINP CELL FABRICATION 

A. WITH T H I N  PASSIVATING OXIDE 

i. Diffuse Ezifttcr i n t o  Wafer. 
2 .  Scribe i n t o  2 cm x 2 cm S u b s t r a t s s .  
3. 
I .  Deposit Aluminw Back Contact. 
5 .  S i n t e r  Back Contact a'. 500 C and Crow 15 

t o  20 A Tunnelable Oxide on Front Surface 
6. Deposit Col lec tor  Grid Based on a Tunneling 

Contact. 
7. Deposit an AK l a y e r ( s ) .  

Clean S u b s t r a t e  ( B a s i c a l l y  RCA Process).  

B. WITH 'CHICK PASSIVATING OXIDE 

1,2 and 3 Same as Above. 
4. Grow 100 t o  150 A SI02  Layer f o r  Pass iva t ion  of 

Front Surf ace, 
5 .  Define Contact Openings and Remove Oxide on Back Surface.  
6. C m p l e t s  ce l l  by Using Steps 4 Through 7 Given Above. 
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TABLE 2 

-TOTAL 
AR GWD AREA AM1 

CEU STRUCTUFIE !jHADownuG JPH 

GREON.€lAL 2L-AR 4.2% 36.0 
znSw2 

1 L-AR(Ta20sl 

84-6 1 L-AR(sioJ 

SPlRE TEXTURED 34% 36.1 

XGS rrxTuRB) 6% 35.5 

' t  

ACTlVE 
AREA 

ml JW 

37.6 

37.2-37.6 

37.8 L 

;. 
L 

.... 
C. 

L 

41 

- 1  

.- I 

EXPERIMENTAL RESULTS FOR AM1 PHOTOCURRENT 

TABLE 3 

KEY PARAMETERS FOR CURRENT MECHANISMS 

1.2 (*E)- i BGN 
BASEREGK)N 1 Joflexp(v/nkT) r , RECOMBINATION n = l  

I TYflCAUY 0.1 TO 0.2 I 1 TUNNELING 

I 
! 

D 

'. 

t4 
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TABLE 4 

I - V  PARAMETERS FOR HIGH-VOLTAGE CURRENT-LOSS MECHANISM 

I 
CELL 

83-22 
83-23 
83-25 

UPPER MECHANISK 
F M W J  AVERAGE 
CONTACT DARK ERROR ACTlVATlON 

AREA OR FORUPPER ENERGY, Jo 
(%I UUM RANGE(%) 4 (eV1 n (bvcm’) 

6 ILLUM - 0.19 0.73 1.04 2.1 E-12 
6 DARK 0.19 0.77 
6 DARK 0.63 1.08 

- 

83-26 
84-5 

6 DARK 0.28 1 y:Bi I 1.04 I 4.4 E-12 1 
0.6 DARK 0.19 1.04 I 2.4E-12 

TABLE 5 

84-6 
84-2 1 
84-22 

EXPERIMENTAL RESULTS FOR MINP CELL AM1 E F F I C I E N C I E S  

6 I DARK 0.33 0.80 :::: 1 2.4 E-11 1 
0.3 IUUM 0.40 - 5.3 E-12 

6 IUUM 0.40 - 1.05 2.6 E-12 

0.2 Ohmcm P-TYPE BASE 
CELL THICKNESS = 15 mils 

.~ 
MIS AR 1 GRID Jsc Voc1 EFFICIENCY 

GREEN. Et al 

JCGS 
84-4 

X G S  
84-6 

Ti 2L-AR 4% 36.0 650 0.812 1 19.0 

Mg 2L-AR 6% 31.1 636 0.787 15.6 

Mg TEXTURED 6% 35.5 617 0.768 16.84 

ZnSlMgL 

SiNlSio, 

lL-AR(SiO,l - - - J  

Results for Green, e t  a l ,  were reported at the IEEE 14 th 
Photovoltaic Specialists Conference. 
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MIS CONTACT 
USING Mg OR Ti \ 

\ AR LAYER 
I 

N-TYPE 1000 A EMlTTER TO 2500 ' 'I A 

I 
P-TY PE 
BASE 

/' 
P+ REGION' / TO PROVIDE ALUMINUM 
BACK SURFACE BACK CONTACT 
REID 

Figure 1 . MINP Solar  Ce l l  Concept. 

P lPunl 

10 5 2 1 0 6  0 2  J 1  05 02 01 

I I I I -  

F igure 2. Base Region Con t r i bu t i on  t o  Jo v s  Acceptor Concent;ation f o r  1 5  m i l  
Cel l  Thickness . 
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F igure  3 .  Calculated AM1 JPH vs Base R e s i s t i v i t y  for 1 5  m i l  C e l l  Thickness, 
Assuming 100% Photon Transmittance And No Grid  Shadowing . 

. RH;Y)U oou~w*rn. CEI~ DUL m MID NO SwWwwG . PHOENIX AM1 SPEC- 80% BSR 

z 

c 

f 

' C E U  TMICKNEIS~ 15 mb 
30 I I 1 1 1  1 I I l l  I I I I 1  

I , 1 

2.- ": 
CONTACT 

UPETME DATA 
RSCHER 8 PSCHUNMR --- LSA 1 

.01 0.1 1 0  '0 0 

48E RUUBTNrrY IOHM -an: 

Figure 4 .  Calculated AM1 Ce l l  Ef f ic iency For 1 5  m i l  Cell Thickness, Assuming 
100% Photon Transmittance And No Grid Shadowing. 
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Figure 5. Phosphorus Concentrat ion v s  Depth For MINP C e l l .  
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I 
MS1NP2 IS A .2 OHM-CU BARE SI 
CELL WITH NO GRID IN THE BEAU. 
CllLCUlATEa C U M  HAE OHMIC 

BAU( comacn.s(t=)-i . 2~+ .~~- .21 )  
D(F)-J.33. W=.O9l. AND AH AL 
BACK SURFACE 3EFLECfOK. 

L-*.----- 1 
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Figure 6. I n t e r n a l  Photoresponse For MINP Ce l l  . 
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POUSHED CEU TEXTURED CELL 

1 *A 

DETEUMINE TA VS. A 
FOR GWEN AR STRUC: 'ME 
USE REPRESENTATIVE SI 
BASEDONa VS.AAND 
CEU STRU~URE 

81=12~.8r=4"@A=600m 
REGARDLESS OF AR STRUCTURE 

ACCOUNT FOR TWO 
PHOTONPATHSAND 
REFLECTION OFF BACK 

SA = Sa + S u  

.\ 

1 00 

DETERMINE JR( =eoJ FATASA~A . DETERMINE Ni. N,, AND THICCNESSES 
WHICH YIELD MAXIMUM Jm 

Figure  7 .  Descript ion o f  Approach t o  Optimum AR Layer Analysis.  

15 ma CELL THICKNESS 
PHOENIX SPECTRUM 

L = 150, Ohmic BACK COlrT.4CT 
L = 500, BSF 44 

Nz=1.3 1.4 
- - - - L A &  

TEXTURED (2L-AR) 
I 42 

1 - 

40 - 
N,=1.3 1.4 - TEXTURED 2L-AH 

- 

TEXTURED (NO ARI 

38 11-AR - 

1.5 
36 - 

POLISHED 

34 

. 
#. 

I I I I I 
1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 

Nq, INDEX OF LAYER ADJACENT TO SILICON 

t 

I 

Figure 3 .  Calculated J p y  v s  N1, The Index Of The AR Layer Adjacent To 
S i  1 icon,  For I 01 i shed And Textured Cell s 
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1, 

2. 

4. 

5.  

EMITTER RECOMBINATION CURRENT 

FOR RM TEMP ANALYSIS: 

GF IS A FCT OF WH, Sp, Dpg & Tp 

TUNNELlNGiRECOMBlNAT!O~ 
J = Jor exp(5V) V >> kT 

B TLAPERATURE INDEPENDENT 
4 

JOT = Joo exp(=) 

4 TYPICALLY 0 TO 0.5 eV 

FIELD EMISSION 

J = Jo~exp(CV) 

+ B  nkT c =  

W 

3. DEPLETION LAYER RECOMBINATION CURRENT 

J exp 
kT JOR = 00 

i 

FOR n'2, +'Eg12 FOR nzl, 4"0.8 eV 

Figure 9 .  Summary O f  Theory For Current Loss Mechanisms. 
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Figure 10. JOE vs  Surfac 
Values of 5iv:fdce RecomDination Velocity. 

Sonor Cvncentration (Ns) For Range Of 

Figure 11. Approach To Dark 

I-V Analysis. 
4 .  CONSIDER ( I j ,  Y,) FOR RF610N 2 

- I, - Io1 exp(BV,) 

* lo* exp(Vj/nkT) 

LEAST S W E S  :IT 9 Ioz.  B 

5. ITLKATE OETYEEW REGIONS 1 AN0 2 UrlTlL 
ACHl EVE CONVERGENCE. 

IARRY OUl STEPS 1 THROUCH 5 FtR 
AWAI OF R bN0 R VALUES. .ELECT 
VALUES OF h M E T Z k  WlCH PROVI:E 
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Figure 12 .  Current-Voltage Characteristics O f  fin NINP Cell Based On 
A Polished Substrate. 

0- INJECTION 

JTOCURREM 

TUNNELING COPllACT 
FOR N+/P CELL 

Mg/pSi DIODE 

Figure 13.  Electron Band Diagrams For Tunneling Contact On ::+ Surface, 
And MIS Device On A P-type Substrate. 
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JUNCTION VOLTAGE iVOLlSI 

Figure 14.  Current-Voltage Characteristics O f  Mg/pSi MIS Devices Based 
On 0 .2  9-cm Si l icon.  
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SAMPLE: 84 SiNW 
TEMP - 2 8 0 ° C  
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ALL FACTOR = 78 72% 
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V O L T A G E  (volts) 

Ftgure 15 .  Illuminated Current-Voltage Characteristics Measured By S E R I  For 
MINP Cell With Polished Surface And Si0 AK Layer. 
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Illuminated Current-Voltage Characteristics Measured By SERI For 
MINP CELL w i t h  Textured Surface. 

Figure 16 

PROJECTED PERFORMANCE 
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Figure 17. Estimated Property Improvements For High Efficiency MINP 
Cells. 



? DISCUSSIOU 

SYbllSM: How did you grow the thin oxides? 

OLSEM: After we deposit aluminum tc establish the back contact, a heat treat- 
meat at 5OO0C is carried out, and that process will grcw a 20A oxide. 

SUAWSON: Just from reeidual water, iron! the air? 

OLSW: Bill (Addis), why don't you coaarent on that? 

ADDIS: The oxidation is carried out in a tube furnace. 

SWMSON: Dry oxygen? 

OLSW: Yes. 

SUMISOM: Have you investigated different ways of forming the oxide and found 
whether any are better than others? 

OLSgW: Not yet. We would like to try nitriding, and I have some thoughts on 
pursuing that further, but right now we have been going with the standard 
208 oxide. 

SWANSON: Have you measured the contact resistance? 

OLSEN: I think so. On the 0.3% area coverage, on a 2 x 2 solar cell, Its is 
still below 0.1 ohm. 

SWAMSON: Doesn't seem good for concentrators. 

OLSW: Something seems to happen. It's strange; when the area goes down you 
get higher current density. The contact resistance goes down. 

SWANSON: Did I read you correctly that you got a better JO without the n 
layer under there than you did with the n layer? 
(A/cm2). 

You said 3 x 

OLSKN: No. That was for an MIS structure. Magnesium OII p-type. 

SWANSON: That is what I meant. 

OLSEN: I think that is pertinent, mainly because it tells you something of 
the quality of the magnesium deposition and what it does to the p-type 
material. But it is a different situation, it appears, when you deposit 
onto an n-type surface. 
3 x 

For a clg/p-Si MIS diode, the value G f  
is approximately the theoretical value for Jo. 

WANSON: One would think you would want to take the n-layer out then, if it 
is-- 
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OLSEtJ: Well, the problem with an HTS structure is the magnitude of photocur- 
rent, wbich is too low. You just canlt get adequate optical coupling, 
tbnt is, transmission of the photons through the metal. Maybe something 
worth considering along the same lines is an inversion-layer cell. That 
is one without any dooing done et all. That is something we have worked 
on ia the past. 

SyANSoiy: I sort of had the feeling that the phosphorus diffusion is not giving 
you the performance it could. 

OLtKiU: That's true. I think it is really hard to pin all this down. But I 
think it is clear that Green and his group have tailored their emitter to 
some degree a d  they have reduced the emitter recombination. 

RWJNEY: When you said you had 20 A of oxide underneath the metal, I assume 
you measured that by ellipsometry. 

OLSEN: That i3 right. 

KEAVNEY: Do you have any ideas as to whether that is really 20 A of oxide 
or whether there is an organic contamination throwing off the measurement? 

OLSEH: The ellipsmetry gives you 15 to 20 A and it is not really clear what 
that means. You really have to couple that information with other infor- 
mation such as HIS current- voltage characterization. The HIS devices we 
have looked at are really high-quality ones. So that tells us that the 
interfacial layer is of high quality. Then, also, surface recombination 
effects in the solar cells themselves seem to be reasonable. 

WOLF: It seems to me that Warty Green told us at the Photovoltaic Specialists 
Conference that his 19% cell was not an MINP structure but a dot contact 
structure. He had a new acronym for it too, PEST or something like that. 

OLSEN: A dot contact cell, that is just what we made too. That simply means 
that you put slots in the thermal oxide on the surface, and the collector 
grid cnly contacts a small area. But the question is: what is the nature 
of his contact at the interface? 

WOLF: That is right. That is what I thinking. 

OLSEN: He didn't think it was HIS anymore? 

WOLF: That was my iwression. 

OLSEN: I wouldn't argue about it. T! .y do sinter, like the standard pro- 
cedure. I think, in theory, titanium can be m e d  as hIr  T I L S  contact. It 
just may be very difficult to keep the oxygen out of it and get a decent 
contact. Maybe that is why you have to sinter. We have stuck with mag- 
nesium because it is not limiting us at this point and we haven't been 
motivated to change. 
magnesium impacts other processes. So we will move to try titanium as 
well, eventually. 

But we are considering changing, because the use of 

'. 
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WOLF: Another thine. I was a little surprised that you took the band gap as 
1.2 eV. That is the zero Kelvin nuakbet. Really it is, at toan temper- 
ature, more like 1.1. 

OtsEN: I know that. But if you look at the band gap expression versa8 temp- 
erature, it is 1.2, minus some constaGt, tiaes temperature. T3e constaat 
times temperature divided by kT gives you an e-constant so that goes 
out into the pre-exponential number. 

WOLF: So that is where you put it? 

OMEN: Yes. I hope that was clear to others. The band gap, I agree is 1.12, 
but it is the temperature dependence that I wanted to account for. An 
activation analysis gets 1.2 minus the bandgap narrowing. 

QUESTION: (Inaudible; concerning the use of magnesium.) 

OLSEH: No. We can't heat treat it. We haven't used titanium, but Green, for 
example, does heat treat at something like 450°C. 

- .- 
.a 

1 -  ;, . 

WOLF: I thought we might have 80186 questions with respect to all the papers 
together, and overall couments on the afternoon session -- even the 
morning session -- before we break up. 
I feel that bhat we really all eat and listened to this afternoon was 
perhaps more how do we model, what do we learn out of the modeling, and 
how does what we are doing actually relate to what we calculate? Rather 
than, really, concepts on how to get higher efficiency. So it seems to 
me it was more really modeling results and what did we learn from the 
modeling. I don't know whether that is challenging enough for more dis-- 
cuesion or not. We certainly, some of us, use low-level modeling and get 
up to some point with that, and then comes high-level modeling beyond 
that. 

One coarment I would like to make: 

We will hear amre about modeling tomorrow in any case. 

LKSK: I am still confused. In the back contact you had only ESP. Specifi- 
cally, what is the difference between ohmic and a ESP back--surface con- 
tact? 

OLSBN: Well, 8SP refers to back-surface field. An adequate BSP yields a sur- 
face recombination velocity of zero. 

LBSK: I am not sure I got that right. In ESP --- in your equation you put 
S = 0 -- that means ESP? 

OLSEN: That's right. 

LBSK: For ohmic, S is infinity but if you are maintaining the equilibrium in 
order to carry concentration to the back contact, that means ohmic. 
that the way it is used? 

Is 

OLSEN: Yes. The point is with low-cost silicou sheet material, the use of a 
ESP makes little difference to current. But, if you increase the life-. 
time, then a BSP can have a significant impact on photocurrent. 

E .. I 

.. ..l 
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WOW: hre these things we are looking at here really all the approaches we 
can pursue to get to a higher efficiency? 
looking at in addition? 
exhaust the methods awailable at this time? 

hre there things we should be 
Does what we have been talking about really 

SPITZBR: I wanted to mention a few things. On the idea of how to improve 
efficiency, I think some people referrod to this. We are neglecting lots 
of currant. The theoretical Limit is 44 and if you tune up the base dif- 
fusion length, that current could easily be raised from 36, which most 
people are achieving, to about 38 with a back-surface reflector and dif- 
fusion length of 300 micrometers, which doesn't seem that hard to do. 
And, say, with 38 milliamps/m2 and a voltage of 660, with a fill factor 
of 0.8, that would be 20%. So I think some attention should be addressed 
to improving Jsc. 

WOLF: It seems essentiallv that everybody who is working on high-efficiency 
cells sees how he can make the next step to get 20%. It seems that this 
is just about iminent. I think the big question after that becomes, how 
do we get to 22 or 23, and do we really have to get the trap densities 
down, or are there other remedial stzps we calz be doing to get the effi- 
ciencies up? Have we really exhausted all the cell-design approaches to 
a large enough degree €or this next step? 

SWANSON: I think the goal of 15% modules is rather x,dest in view of the 19% 
ct;lls that are already being made. 

WOLF: N o .  

SWANSON: We are talking efficiency, not getting cost down. But I think if 
you want to go to the 15% range, you should very seriously consider the 
Yablonovich design, which in my opinio has the potential of 25%. 

WOLF: He combines again a number of the things we have been discussing, and 
also Dick Swanson. How to get high lifetime is one of his key aspects. 
How to get the lifetime up, how to get the sur€ace recombination velocity 
down, use a wider band-gap material on one side, etc. 

DYER: I have been out of this field for a number of years, but what are the 
difficulties with that overlap approach that someone mentioned earlier? 

WOLF: It is called the shingling of cells. 

DYER: What is the difficulty with that? You mentioned it, but I doil't see 
any - -  

WOLF: Well, I don't think I mentioned that by saying there was a difficulty 
with it. It has been used €or a long time in making submodules for space 
arrays. I guess it has given a certain amount of inflexibility within 
the array. One other approach was to make flexible interconnects, but 
still overlapping as far as individual soldering together ir concerned. 

DYER: Does it come out so it is not worth it, is what I am after. 
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WOLF: No. 
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DYER: Ig it such that it is very successful and you can say, Well. we can 
gain back all that we devote to metallization, or is it not worth It? 

wotp: Well, you have no contact shading at all on the front, so you have all 

You get quite a 
active surface that way. 
cell length is only 2 millimeters and then you overlap. 
bit but of the horizontal with the whole thing, but I don't think that is 
too much of a problem area. You can somehow adjust for it aBain. No. I 
don't see a major problem with it. I guess from a manufacturing view- 
point it might be tough to lsake so many very smell little devices and 
then assemble them into a bigger thing. It right give extra cost. 
that's not fundamental. Somehow you can imagine some nice aSS6Sbly 
machine that handles all these tiny little parts atd makes a bigger thing 
out of it. 

I see a little bit of a problem if the whole 

But 
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AB ST RACT -- 
NASA involvement i n  p h o t o v o l t a i c  energy conversion research, development, 

and s p p l i c a t i o n s  spans over two decades o f  continuous progress. 
Lewis Research Center 's  Pho tovo l ta i c  Branch, Agency programs i n  s o l a r  c e l l  
resedrch and development have produced a sound technology base f o r  a broad 
range o f  space appl icat ions.  
dependent, t h e r e  are fundamental o b j e c t i v e s  which guide t h e  NASA pho tovg l ta i c  
prograe. They are t o  improve ef f ic iency,  increase : i fe,  reduce mass, and 
reduce the  cos t  o f  p h o t o v o l t a i c  energy conver ters  and arrays.  
t h e  programs i n  p lace a t  Lewis Research Center range from fundamental 
research on advanced concepts t o  technology advances f o r  improving t h e  
space-worthiness of s o l a r  arrays. T h i s  paper w i l l  descr ibe several  key 
a c t i v i t i e s  i n  tne  Lewis program. 

Led by t h e  

Although space power requirements are miss ion 

Consequently, 

I NTRODUCT I ON 

The c e l l  research a c t i v i t i e s  a: Lewis d i v i d e  roughly  i n t o  the  f o l l o w i n g  
categor ies:  advanced devices, g a l  1 ium arsenide and other  111-V compound 
s o l a r  c e l l s ,  and h i g h  e f f i c i e n c y  s i l i c o n  c e l l s .  
ca tegor ies  w i l l  be described. P a r t i c u l a r  a t t e n t i o n  w i l l  be g iven t o  a new 
s t r a t e g y  f o r  e f f i c i e n t  s o l a r  energy conversion which seeks t o  overcome t h e  
fundamental l i m i t a t i o n s  inherent  w i t h  a l l  semiconductor pho tovo l ta i c  
converters.  
l i g h t  i n  t h i n  m e t a l l i c  f i l m s  o f  common metals, such as aluminiim o r  s i l v e r :  
t h e  coup l i ng  o f  l i g h t  t o  sur face plasmons. 
s u i t a b l e  ranges f o r  energy t ranspor t ,  (up t o  cent imeters i n  the  IR), aad can 
absorb f rom the u l t r a v i o l e t  t o  the i n f r a r e d .  
by t r a n s f e r i n g  t h e  surface plasmon energy t o  an a r ray  o f  i n e l a s t i c  tunnel  
diodes, where a cu r ren t  o f  t unne l i ng  e lec t rons  can be created. 
b a r r i e r s  have been i d e n t i f i e d  and w i l l  be discussed, along w i t h  recent  
r e s u l t s  aimed a t  e l i m i n a t i n g  them. 

i n  F igu re  1. 
missions have been a t  the 2 o r  3 k i l o w a t t  l e v e l  o r  below. Future NASA 
missions may be an e n t i r e l y  d i f f e r e n t  s tory ,  however. 
sophis t icated,  longer- l ived missions r r i l l  push power requirements up an order  
o f  magnitude and more. 
example, might r e q u i r e  up t o  125 k i l o w a t t s  o f  power i n  the s t a t i o n  i t s e l f .  
Th i s  would, i n  tu rn ,  r e q u i r e  a s o l a r  a r ray  output  capac i t y  i n  excess o f  300 
k i l o w a t t s ,  and would r,?resent over two and one-half t imes the power 
generat ing capac i t y  t h a t  NASA has launched i n  t h e  pas t  20 years. Such an 

Work i n  a l l  o f  these 

The approach e x p l o i t s  a well-known mechanism f o r  absorpt ion o f  

Surface plasmons can have 

Energy conversion then occurs 

Key t e c h n i c a l  

The magnitude o f  NASA's p h o t o v o l t a i c  space power a c t i v i t i e s  can be seen 
With t h e  except ion o f  the Skylab launch i n  1973, most NASA 

The d e s i r e  f o r  more 

A low-earth o r b i t i n g  manned space s ta t i on ,  f o r  
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array w i l l  be the dominant phi :*- ical  f e a t u r e  o f  t he  Space Stat ion,  and w i l l  
p lace a 9remium on reducing the  area, weight, and c o s t  o f  l a rge  space arrays. 

f uiuPe power .requirements f o r  geosynchronous a p p l i c a t i o n s  are a l so  
expected t o  r i s e  i n  the  coming decades, al though few such missions w i l l  be 
so ley NASA's .  
m i l i t a r y  comnunications networks. I n  these a p p l i c a t i o n s  i n  p a r t i c u l a r ,  a 
premium i s  placed on h igher  e f f i c i e n c y ,  l i g h t e r  weight, and longer l i f e .  
Cost i s  important, bu t  i s  n o t  as impor tant  a d r i v e r  as i t  i s  f o r  l a r g e  LEO 
arrays. A key f i g u r e  o f  m e r i t  f o r  GEO ar rays i s  t h e  r a t i o  o f  power out  t o  
t o t a l  a r ray  mass i n  W/kg. NASA's most recent  GEO s a t e l l i t e ,  TDRSS, had an 
approximate beg inn ing -o f - l i f e  s p e c i f i c  power o f  35 h'lkg, w i t h  a 63L power o f  
abolri 3 k i l o w a t t s .  f u t u r e  communications s a t e l l i t e  power requirements are 
expec%ed t o  be from 3 t o  5 t imes t h a t  l eve l .  
c o n s t r a i n t s  o f  cu r ren t  and proposed GEO launch veh ic les  make i t  des i rab le  t o  
increase both e f f i c i e n c y  and s p e c i f i c  power s i g n i f i c a n t l y  beyond present 
l eve l s .  End-,'-life s p e c i f i c  powers approaching 250 W/kg may w e l l  be 
requ i red  t o  meet such cons t ra in t s .  
terms o f  increases i n  the  a c t i v e  payload c f  the s a t e l l i t e .  

% #  .*. t; ." 

The pr imary uses o f  GEO spacecraf t  w i l l  be f o r  commercial and 

Moreover, volume and weight 

The payoff  w i l l  be measured d i r e c t l y  i n  

The foregoing diSCUSSiOn i s  by no means exhaust ive o f  a l l  f u t u r e  space 
pho tovo l ta i c  appl icat ions.  
r a t i o n a l e  behind the  cu r ren t  major t h r u s t s  o f  NASA's s o l a r  c e l l  research and 
development program. 

It i s  intended o n l y  t o  p u t  i n t o  context  t he  

HIGH EFFICIENCY SILICON SOLAR CELL RESEARCH 

f i g u r e  2 sumnarizes the s i t u a t i o n  w i t h  regard t o  space s o l a r  c e l l s  s ince  
approximately 1960. 
made from 10 ohm-cm s t a r t i n g  ma te r ia l ,  and had AM0 e f f i c i e n c i e s  on the  order  
of 10 percent. 
(Reference 1) w i t h  an e f f i , i e [ i cy  approaching 15 percent, b u t  i t  q u i c k l y  
became c l e a r  t h a t  h igher  e f f i c i e n c i e s  could no t  be achieved w i thou t  improving 
the open-c i rcu i t  voltage, and t h a t  Could no t  be done w i thou t  lowering t h e  
r e s i s t i v i t y  o f  t he  s t a r t i n g  ma te r ia l .  Current d e n s i t i e s  i n  the  n igh 
e f f i c i e n c y  10 ohm-cm c e l l s  approached 50 ma/cmZ, and could no t  reasorably  
be expected t o  go muLh h igher  i n  t h a t  ma te r ia l .  I n  the  mid 1970's, 
therefore,  Lewis Research Center i n i t i a t e d  a concerted e f f o r t  t o  develop an 
18 percent AM0 c e l l ,  which had been est imated by Brandhorst (Reference 2 )  t o  
be the  maximum p r a c t i c a l  e f f i c i e n c y  f o r  s i l i c o n .  The e f f o r t  concentrated on 
r a i s i n g  the  open-c i rcu i t  vo l tage t o  t h e  7c)O m i l l i v o l t  range. The i n i t i a l  
work r e s u l t e d  i n  open c i r c u i t  vo l tages o f  n e a r l y  650 mV, but  e f f i c i e n c i e s  
were lower than des i rea because o f  the lower current-generat ing capabi 1 i t i e s  
o f  t he  low r e s i s t i v i t y  c e l l s .  

E s s e n t i d l l y ,  a l l  space c e l l s  f lown a t  t h a t  t ime were 

Work i n  the  e a r l y  1970's r e s u l t e d  i n  the  COMSAT v i o l e t  c e l l  

Several techniques have been advanced f o r  r a i s i n g  the vo l tage i n  low 
r e s i s t i v i t y  c e l l s .  Among them i s  the mu l t i - s tep  d i f f u s i o n  process developed 
a t  Lewis Research Center, which produced a Voc approaching 650 mV (,Reference 
3). The process was l a t e r  used by COMSAT t o  produce a 14.5 percent AM0 c e l l  
(Reference 4) .  Th i s  achievement was q u i c k l y  fo l l owed  by the development o f  
c e l l  designs a t  t he  U n i v e r s i t y  o f  New South Wales, under a NASA grant, which 
achieved 16 percent AMO, and Voc's approaching 680 mV. 
developed by M a r t i n  Green and co-workers (References 5, 6 ) ,  have been 

These c e l l s ,  
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subjected t o  an i n t e n s i v e  ana lys i s  a t  Lewis Research Center ir; an attempt t o  
e l u c i d a t e  the  mechanisnr( s )  responsib le  f o r  t h e i r  improved performance. That 
work, repor ted by Weizer (Reference 3 )  a t  the  l a s t  Pho tovo l ta i c  S p e c i a l i s t s  
Conference, has produced some s u r p r i s i n g  r e s u l t s .  I n  b r i e f ,  i t  was shown 
tha t :  

1. It i s  no t  t he  p e r f e c t i o n  o f  the emi t te r ,  b u t  a p rev ious l y  
unrecognized imprwement i n  the base t h a t  i s  responsib le  f o r  t he  h i g h  
Voc's obtained i n  the  M I N M I S  c e l l .  

2. The h igh vo l tage i n  the  MINP c e ' l  i s  the r e s u l t  o f  the same 
improveient i n  t h e  base as i n  t h e  M I N N S  c e l l ,  coupled w i t h  a 
reduct ion i n  the e m i t t e r  lo.  

3. The enhanced basc c h a r a c t e r i s t i c s  o f  both c e l l  designs are t h e  r e s u l t  
o f  a reduced mSnori ty c a r r i e r  m o b i l i t y  i n  the s t a r t i n g  s i l i c o n  
m a t e r i a l  used f o r  these c e l l s .  

Based on these r e s u l t s ,  i t  now appears t h a t  vo l tages approaching 800 mV 
are achievable i n  0.1 ohm-cm s i l i c o n  c e l l s  w i t h  f u l l  u t i l i z a t i o n  of t h e  MI ' IP 
surface pass i va t i on  techniques. APO e f f i c i e n c i e s  approaching 20 percent may 
y e t  be poss ib le  i n  s i l i c o n .  Work toward t h a t  goal  w i l l  be cont inued i n  t h e  
Lewis Research Center program. 

111-V CELL RESEARCH 

Emphasis i n  the  NASA s o l a r  c e l l  research program has s h i f t e d  from s i l i c m  
du r ing  the  past  few years t o  t h e  wide v a r i e t y  o f  semiconducting compounds 
formed from elements i n  colucrls t h ree  and f i v e  i n  the  p e r i o d i c  tab le.  The 
program ranges from basic ma te r ia l s  science t o  pre-:- i lot c e l l  design 
op t im iza t i on  studies.  The a c t  t v i t i e s  f a l l  roughly  i n t o  th ree  categor ies:  
(1) GaAs concentrator c e l l s ;  ( 2 )  t h i n  f i l m  c e l l s ;  arld ( 3 )  m u l t i - j u n c t i o n  
c e l l s .  
na tu ra l  space environment i s  a major cona ide ra t i on  i n  t h e  111-V c e l l  area, 
and along w i t h  e f f i c i e n c y ,  forms an important p a r t  o f  t he  J u s t i f i c a t i o n  f o r  
i t . 

Resistance t o  the  d a a g e  caused by charged p a r t i c l e  r a d i a t i o n  i n  t h e  

NASA's i n t e r e s t  i n  111-V concentrator c e l l s  a r i s e s  i n  p w t  because of 

The p l o t  o f  

t h e i r  p o t e n t i a l  f o r  lowering the cos t  o f  very l a rge  s o l a r  arrays, such as a re  
a n t i c i p a t e d  f o r  a f u tu re  Space Stat ion.  F igu re  3 summarizes the r e s u l t s  o f  a 
study of mult i-hundred k i l o w a t t  a r ray  designs (Reference 8). 
combined c e l l  and component cos ts  versus concentrat ion r a t i o  shows the  
ex is tance o f  a broad minimum between approximately 2Ox and 2OOx. 
i l l u s t r a t e s  a concentrator  design c u r r e n t l y  under development a t  TRW, under 
c o n t r a c t  t o  Marshal l  Space F l i g h t  Center. 
cassegrainian system c a l l  f o r  a 4 mm diameter c e i l  capable of 20 percent a t  
125x and 85'C. 
Varian and one w i t h  Hughes Research, t o  design and produce such c e l l s .  
19 percent. a l ready demonstrated, t he re  appear t o  be no apparent t echn ica l  
"show-stoppers" which w i  11 prevent r e a l  i z a t i o n  of  the program goal o f  22 
percent a t  operat ing condi t ions.  
t he  higher e f f i c i e n c y  arid higher temperature c a p a b i l i t i e s  of G&4s compared t o  
s i l i c o n .  

F igu re  4 

S p e c i f i c a t i o n s  f o r  t h i s  m in ia tu re  

With 
Lewis Research Center has two con t rac ts  i n  place, one w i t h  

Th is  appl i c a t i o n  dramat ical  l y  i 1 l u s t r a t e s  

GaAs concentrator  c e l l s  w i l l  have over t w i c e  the  e f f i c i e n c y  o f  

7 
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s i l i c o n  ac t h e  operat ing temperatures p r o j e c t e d  f o r  t h i s  a r ray  design. 
phys i ca l  dimensions o f  t he  c e l l  are i l l u s t r a t e d  i n  F igu re  5. Tne l i a m e t e r  GF 
t he  i l l u m i n a t e d  area i s  4 mm, wh i l e  the l eng th  of one edge i s  5 mn. The 
approximately 60 t o  1 reduc t i on  i n  processed semiconauctor area com~~ared t o  a 
p lana r  o f  equal output  i s  the pr imary reason f o r  t he  p ro jec ted  lower cost  o f  
t h i s  a r ray  design. An a d d i t i o r 3 1  assumption, of course, i s  t h a t  t h e  cos t  per  
u n i t  area o f  t he  concemrator  o p t i c s  w i  11 be s i g n i f i c a n t l y  lower than the  
equ iva len t  area o f  @r--. --d semiconductor m a t e r i a l  The a n t i c i p a t e d  c e l l  
output  a t  operzt; I . I t i ons  i s  approximately 0.4 watts. 8ased 3n i n fo rma l  
est imates, the prcJected cost o f  such c e l l s  could be on the order o f  30 t o  50 
$/watt .  

The 

Cost i s  n o t  the o n l y  reason f o r  i n t e r e s t  i n  concentrator  arrays f s r  space 
app l i ca t i on .  A second very impor tant  reason, again depending on miss ion 
requirements, i s  t he  inherent  sh ie ld ing  prov ided by the concentrator  element 
against  t he  na tu ra l  r a d i a t i o n  enviranaent encountered i n  many o r b i t s .  
Although n o t  important f o r  LEO appl icat ions,  t h e  design may make poss ib le  the 
use o f  pho tcvo l ta i c  power generators i n  some o f  t he  m id -a l t i t i i de  o r b i t s  t h a t  
have p rev ious l y  bee:: dismissed bpcause o f  t h e i r  h igh  dens i t y  r a d i a t i o n  
environment. Beyond tha t ,  i f  h i y h  e f f i c i ency  can be coupled w i t h  l i g h t w e i g h t  
concentrator opt ics ,  such arrays could t v e n t u a l l y  be f lown i n  GEO. 

Research on t h i n  f i l m  s o l a r  c e l l s  i s  Gi rected toward improving t h e i r  
performance, no t  on l y  i:! terms o f  t h e i r  e f f i c i e n c y ,  but  a lso i n  terms o f  
t h e i r  r a d i a t i o n  res is tance.  An important t h r u s t  f o r  t he  NASA space power 
program .is t he  development o f  t?ct inology f o r  t he  next generat ion o f  GEO 
communications spacecraft.  A t  present, about 23 percent of  t h e  s a t e l l i t e  
mass launched t o  o r b i t  must be dedicated t o  the power system, vh i ch  i s  
approximately the same f r a c t i o n  t h a t  i s  a v a i l a b l e  f o r  the payload i t s e l f .  
The b e n e f i t s  de r i vab le  f ram reducing the power system mass dre d i r e c t l y  
t r a n s l a t a b l e  i n t o  revenue f o r  commercial s a t e l l i t e s ,  and i n t o  increased 
c a p a b i l i t y  f o r  non-commercial s a t e l l i t e s .  One approach under - i nves t i ga t i on  
a t  the present t ime f o r  producing u l t r a l i g h t w e i g h t  s o l a r  c e l l s  i; t h e  CLEFT 
procesq developed a t  the L i n c o l n  Laboratory by John Fan and co-workers 
(Keferknces 9, 10, 11, 12). 
detai!ed d iscuss ion need no t  be inc luded here. The NASA goal i s  t o  
demonstr2te a 4 micron t h i c k  GaAs c e l l  w i t h  a t  l e a s t  20 percent AM0 
ef f ic iency,  which s u f f e r s  no more than a 10 percent loss o f  power a f t e r  10 
years o f  exposure t o  the  GEO r a d i a t i o n  environment. 
bu t  achieving i t  could r e s u l t  i n  s i g n i f i c a n t  reduct ions i n  the  mdss o f  the  
s o l a r  a r r a y  f o r  GEO systems. The c e l l  developnetit work a t  L i n c o l n  Laboratory  
i s  supported I t  Lewis Research Center by in-house c e l l  e%ta luat ion 
measurements and r a d i a t i o n  damage studies.  The best c e l l  s p e c i f i c  power 
demonstrated to-bate i s  5400 w a t t d k g ,  achieved w i t h  a 5.5 micron t h i c k  c e l l  
w i t h  gr idded back contacts  w i t h  an AM0 e f  l ' ic iency s l i g h t l y  g rea te r  than 14 
percent. A cross-sect ion o f  t he  c e l l  i s  shown i n  F igure 6. Th? i l l u m i n a t e d  
area i s  0.51 c d .  There are many technologica l  chal lenges t o  overcome 
be fo re  the  CLEFT c e l l  can be considered a v i a b l e  candidate f o r  use i n  space. 
Chief among them are the  f o l l o w i n g :  development Jf a UV-resistant adhesive t o  
use i n  the f i l m  t r a n s f e r  process; improving the  open-c i rcu i t  vo l tage and 
f i l l - f a c t o r ;  e s t a b l i s h i n g  the r a d i a t i o n  to le rdnce  o f  the c e l l ;  and perhaps 
the most f o r m i d i b l e  among them, d e w l o p i  ng a s u i t a b l e  in terconnect  technology 
f o r  j o i n i n g  5 m.cron t h i c k  cziis together i n  an array!  

Progress i n  t h i s  area i s  well-known, and a 

The goal i s  ambit ious, 
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As i s  well-knwn, the ef f ic iency o f  a t y p i c a l  s ing le  jiir t i o n  so lar  c e l l  
i s  l im i teo  fundamentally by the loca t ion  o f  i t s  bandgap witt,,n the so lar  
spectrum, i n  t h i s  cast: the a i r  mass zero (AKO) spectrum. Ear ly  ca lcu la t ioos  
o f  multi-bandgap c e l l  e f f ic ienc ies a t  AM0 (Reference 13) ind icated tha t  a 
t o t a l  conversion ef f ic iency of approximately 30 percent coula be achieved i n  
a three-cell stack under lOOx i l l umina t ion .  The c e l l  s t ruc tu re  i n i t i a l l y  
selected Ly NASA i s  shown i n  the f i r s t  column of the tab le  below, and was 
dr iven by the assc;med requirement tha t  the s t ruc tu re  had t o  be 
1 attice-matched throughout. T h e  second column shows the current  d i s t r i z u t i o n  
o f  bandgaps f o r  the structure,  acd i s  a r e s u l t  o f  the successful 
demonstration o f  composition grac' i~ iq between the various act ive layers o f  the 
c e l l .  
bandgaps t o  chieve shor t -c i rcu i t  currrnx matching from each const i tuent  c e l l  
i n  the stack. The lower bandgaps should produce a s l i g h t l y  higher e f f i c i e n c y  
than those o f  column one, and should make fab r i ca t i on  o f  the tunnel j unc t i on  
between the bottom and q idd le  c e l l s  somewhat easier.. 
densi t ies required f o r  a tunnel junc t ion  interconnect are easier t o  achieve 
i n  a lower bandgap mater ia l . )  The interconnect between the middle and top 
c e l l s  can be sone sor t  o f  metal interconnect, such as the Varian-developed 
M I C  (Reference 14). 

The l a t t e r  technique allows f o r  greater f l e x i b i l i t y  i n  the choice o f  

(The high doping 

TABLE 1 

-- Mult i -Junct ion Cel l  Bandgaps 

C -G - L-M - C e l l  - 
Lower 1.15 1.15 
M -1 dd 1 e 1.55 1.43 
Upper 2.05 1.95 

An in te res t ing  s i m p l i f i c a t i o n  o f  the above s t ructure i s  t o  ~ l s e  j u s t  two 
junctions, and t b  iechan ica l l y  stack them. As has been pointed out by Fan 
(Refererlce 15), such a s t ructure can be e i the r  a two, three, o r  four terminal  
device, without introducing much complexity i n t o  i t s  fabr ica t ion .  The 
monol i th ic stack, on the other  nand, i s  most eas i l y  made i n t o  a two terminal 
device. 
junc t ion  ce l l ,  but  there may alsc be a t rade-of f  i n  the rad ia t i on  hardness o f  
the two s t ructure-  which favors a two-junction, f ou r  terminal  device. I f  the  
end-of-1 i f e  performance o f  a series-connected mul t i - junc t ion  c e l l  i s  t o  be 
maintained a t  reasonable levels,  i t  becomes necessary t o  develop const i tuent  
cel:s which degrade by i n  a qatched fashion i n  a rad ia t i on  environment. 
Although possible i n  p r inc ip le ,  i t  presents a Formidable challenge t o  real' lze 
i n  pract ice.  
current-matching altogetners and does not, therefore, su f fe r  any addi t iona? 
degradation beyond tha t  o f  each o f  the const i tuent  ce l l s .  

There i s  some loss o f  e f f i c i ency  i r l  the AM0 spectrum f o r  a two 

A four terminal  device avoids the requirement f o r  

AOVANCED CONCEPT - SOLAR CE!-LS 

The calculated e f f i c i e n c r  o f  -0 - ;dl cascade so lar  c e l l  reaches a 
maximum when more than s i x  bandgap3 rlave beer, incltided i n  the stack, and can 
approach 60 percent i n  the AMC spectrum (Reference 16). 
system losses i n t o  account, however, shows t h i t  the maximum has been passed 
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after three bandgaps have been included (Reference 17). A s  mentioned above, 
the practical m a x i m u m  AM0 efficiency of a three cell stack i s  expected to  be 
30 percent, even under lOGx illumination. The question t h a t  naturally arises 
i s  whether that efficiency limit, which appears t o  be inherent w i t h  
semiconductor p-n junctions, can be transcended by some means. 
i s  t h a t  the ordinary p-n junction solar cell  i n  effect converts the incoming 
broadband solar rad ia t ion  i n t o  a f low of monoenergetic electrons (and holes), 
the energy of which i s  determined by the semiconductor bandgap. 
coup1 ing mechanism, i.e. the creation of electron-hole pairs,  i s  broadband i n  
nature, the excess kinetic energy imparted t o  the electron-hole pairs by 
photons w i t h  energies greater t h a n  the barldgap i s  essentially not 
transportable. I t  i s  lost i n  collisions w i t h  l a t t i ce  phonons i n  a matter of 
picoseconds, resulting i n  very short ranges f o r  the excited carriers. A n  
in i t ia l  requirement, then, f o r  any cajor increase i n  efficiency, is to  
identify a mechanism for broadband absorption of the solar spectrum which 
creates a corresponding spectrum of electronic excitations i n  the absorber 
w i t h  ranges long enough that energy can be extracted from them. 
of c m n n  metals such as si lver,  aluminum, and gold can support i quantized, 
oscillatory excitation of their two-aimensional quasi-free electron gas knowrl 
as a surface plasmon. The surface plasmons are produced by exterior electric 
f ie lds  incident on the bounaary between the metal f i l m  and a dielectric 
medim. 
waves: their electromagnetic f ie ld  i s  concentrated around the boundary w i t h i n  
a distance of approximately 10 angstroms. 
extend f a r  i n t o  space, asd resemble more and more those of  a p h o t o n  
propagating along the boundary. 
like a guided electromagnetic wave i n  a aielectric waveguide, except t h a t  the 
waveguide i n  t h i s  case i s  a metal f i lm,  and tnerefore very lossy. The 
la t ter  fact  limits the range of the surface plasmolis a t  the h i g h  energy end 
of the spectrum t o  distances on the order of 70 t o  190 wicrons. 
lengths f o r  surface plasmons i n  the infrared, ho,.wer, can anproach several 
centimeters (keference 18). 
describes the properties of surf ace plasmons, and discusses several 
experiments i n  which they can either be observzd or btilized. 
monograph by RGether, Reference 19) .  The coupling between surface plasmons 
and photoiis can be very strovg under the proper conditions, and is  well 
understood theoretically. 
component of the incident r a d i a t i o n  can be coupled t o  a smooth f i lm  f o r  
example, and i n  such a way t h a t  the k ' d t h  of the acceptance angle i s  very 
small. I n  a d d i t i o n ,  the -.cceptance ar.yle i tselr  varies with wavelength. 
Such properties have a l l  been verified experimentally. 

The problem 

While the 

Thin films 

For large wave vectors the plasma waves behave like real surface 

Fo!- sniall wave vectors the f ie lds  

The surface plasma wave oehaves very much 

Propagation 

A large body of l i terature exists which 

(See e.g., the 

I t  can be shown t h a t  only the p-polarized 

Conceptually, the direct conversion of solar energy t o  e lectr ic i ty  
requires the fo l lowing  processes: photon absorption, which  either creates 
"free" charges (electron-hole pairs, photoelectrons, etc.) or imparts kirietic 
energy t o  a cnarge carrier ( the surface plasmon, e.9.); and charge 
separation. The la t ter  occurs by creating a potential barrier f o r  some of 
the charge carriers while others are allowed t o  pass (the p-n junction f o r  
electron-hole pairs, e.g., and a tunnel diode for energetic electrons). I f  
photon absorpt ion does not occur i n  the region where the charges are 
separated, t h t , ]  energy transport must occur from the absorption region t o  the 
barrier region. Charge collection and flow i n  ar, external circuit  complete 
the picture. 
oscillation o f  a two dimensional electron gas, the m o w n t u m  imparted t o  the  

Since the surface plasmon i s  a quantizec', collective 
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surface plasmon by the i ncming  photon must be t racs fer red  t o  a mobile, f ree 
e lec t ron  belcw the stirface before any charge separation can ncciw- 
l a t t e r  requires, therefore, some sor t  o f  i n te rac t i on  mechanism between the 
surface plasmon and a free electron. 

The 

It i s  c lear  from the preceeding discussions t h a t  any attempt t o  create a 
so lar  energy conversion device based on surface plasmon absorption of  the 
so lar  spectrum must address f o r  key technica l  bar r ie rs :  (1) broadband 
coupl ing of sunl ight  t o  surface plasmons a t  a s ing le acceptance angle; ( 2 )  
low-loss energy t ransfer  from the absorption t o  the b a r r i e r  region; ( 3 )  
coupling between the surface plasmons and mobile charge c a r r i e r s  i n  the 
res ion o f  the po ten t i a l  bar r ie r ;  and ( 4 )  e f f i c i e n t  charge t ransfer  from the 
low t o  the high energy s ide o f  the  po ten t i a l  ba r r i e r .  A possible approach 
f o r  deal ing w i th  the f o u r t h  problem involves i n e l a s t i c  e lec t ron  tunnel ing 
through a t h i n  f i l m  metal-insulator-meta! structure.  I f  the f i l m  thicknesses 
have been proper ly  chosen, such a s t ructure supports a coupled mode between 
surface plawnons i n  both metal f i lms .  This coupled mode, o r  j unc t i on  
plasmon, i s  able t o  propagate along the length o f  the structure,  and by 
J i r t u e  o f  the strong e l e c t r i c  f i e l d  i t  creates i n  the oxide, can provide an 
i n e l a s t i c  tunnel ing channel f o r  an e lect ron impinging on the b a r r i e r  a t  t ha t  
instant .  Prel iminary ca lcu la t ions  ccnducted a t  Lewis Research Center 
ind ica te  such a mechanism, whi le  possible i n  p r i nc ip le ,  i s  beset w i th  
d i f f i c u l t i e s .  
tunnel ing current  t o  acceptably low levels,  and the very l i m i t e d  range o f  the 
j unc t i on  plasmon i n  general ( t y p i c a l l y  a few tenths o f  a micron). A su i tab l y  
chosen sm,iconductor t h i n  f i l m  can be incorporated on the low energy side o f  
the junc t ion  i n  such a way tha t  i t s  bandgap el iminates the f i n a l  states f o r  
the reverse tunnel ing process, but  the impact o f  doing so on the a b i l i t y  o f  
the s t ruc tu re  t o  support a j unc t i on  plasmon i s  unknown a t  present. I n  order 
f o r  the process t o  go a t  a l l ,  i t  i s  f i r s t  necessary t o  t rans fer  energy from 
the surface t o  the junc t ion  plasmons. Here the problem i s  t h a t  the j unc t i on  
plasmon has a much lower v e l o c i t y  than a surface plasmon o f  the same 
frequency, so some so r t  of momentunwnatching t rans fer  mechanism i s  required. 
Figure 7 shors schematically one p o s s i b i l i t y .  Calculat ions show tha t  a 
g ra t  i ng can promote energy t rans fer  between mwoenerget i c  sur f  ace and 
junc t i on  plasmons w i th  be t te r  than 90 percent e f f i c i e n c y  (Reference 20). The 
f e a s i b i l i t y  o f  doing the sm,e w i t h  a broad spectrum o f  plasmons has ye t  t o  be 
f i rm ly  established. 
as an intermediary between the surface plasmons and tunnel ing electrons. 
What i s  s t i l l  required, however, i s  experimental v e r i f i c a t i o n  o f  the 
approaches tha t  have been ou t l ined  here. 

Not the least  among them iire the need t o  l i m i t  the reverse 

The proposed approach i n  e f f e c t  uses a junc t ion  plasmon 

Mechanisms which a f f e c t  surface pl3smon coupling and range (ba r r i e rs  1 
and 2) are r e l a t i v e l y  well-known and understood. 
l a t t e r  obtained i n  the NASA program are sumnarized i n  Figure 8 (Reference 
21), which contains a p l o t  o f  surface plasmon range as a func t ion  o f  
wavelength w i th  filni thickrless as d parameter. The s t ructure f o r  which the 
propagation distances have been ca lcu lated i s  shown i n  the inset .  
important r e s u l t  i s  t ha t  the ca lcu lated damping matches experimental resu l t s  
on d i r t y  f i ' ns ,  and seems t d  i nd i ca te  tha t  ohmic losses have been 
overestim; J i n  previous ca lcu lat ions.  A ser ies o f  experiments aimed a t  
explor ing surface plasmon propagation i n  such s t ructures has been started. 
The i n i t i a l  work w i l l  i nves t iga te  the so-called end-f i re coupling technique 
f o r  i n j e c t i n g  surface plasmons i n t o  the s t ructure shown i n  Figure 8. The 

Recent resu l t s  f o r  the 

An 
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technique i s  well-known i n  i n t e g r a t e d  op t i cs .  I ns tead  o f  matching the  
i n c i d e n t  f i e l d  t o  a surface plasmon wave vec to r  along t h e  d i r e c t i o n  o f  
propagation, t he  f i e l d  c i s t r i b u t i o n s  are matched across the end face  o f  t h e  
sample. That i s ,  the i n c i d e n t  f i e l d  i s  focussed onto the end face o f  t he  
s t r u c t u r e  w i t h  a f i e l d  d i s t r i b u t i o n  which matches as c l o s e l y  as poss ib le  t h a t  
o f  a sur face plasmon. I n  a d d i t i o n  t o  i n v e s t i g a t i n g  t h e  generat ion o f  
long-range surface plasmons, t h e  same experiments w i l l  i n v e s t i g a t e  the  
coupl ing e f f i c i e n c y  o f  t he  technique. 
p e r t u r b a t i o n  theory c a l c u l a t i o n  are shown i n  F igu re  9 (Reference 22) .  The 
s a l i e n t  p o i n t  i s  t h a t  an opt imized i n c i d e n t  f i e l d  d i s t r i b u t i o n  y i e l d s  a 
g rea te r  than 80 percent coup1 ing  e f f i c i e n c y  f o r  a s i  l v e r  f i l m  f o r  wavelengths 
f rom 0 4 microns t o  if?ore t h m  1.2 microns, and as the  f i g u r e  shows, t h e  
e f f i c i e n c y  i s  r e l a t i v e l y  independent o f  t h e  i n c i d e n t  spot size. 
approach has several  important features.  For example, a l l  o f  t h e  modes 
o r i g i n a t e  a t  t h e  same po in t ,  and the re fo re  t h e  propagat ion d is tance can be 
used t o  d i s c r i m i n a t e  wavelength reg ions f o r  a b s o r p t i m .  
beam shaping and focussing can be done by external ,  m in ia tu re  op t i cs .  
o f  these have impact no t  o n l y  on t h e  experimental e f f o r t s  j u s t  described, b u t  
a l so  on t h e  ac tua l  c o n f i g u r a t i o n  o f  such a dev ice should i t  become a 
r e a l i t y .  Is i s  conceivable, f o r  example, t h a t  such a device could be used i n  
t h e  m in ia tu re  cassegrainian concentrator  >ystem descr ibed e a r l i e r  i n  t h i s  
paper- 

The r e s u l t s  o f  a f i r s t  order  

T h i s  

I n  addi t ion,  t h e  
Both 

A second approach f o r  i n v e s t i g a t i n g  t h e  coupl ing o f  s u n l i g h t  t o  sur face 
plasmons i s  shown schemat ica l ly  i n  F igu re  10. i n  t h i s  approach, t he  f i l m  on 
which sur face plasmon generat ion i s  des i red i s  evaporated onto a g lass prism, 
and i s  covered w i t h  a d i e l e c t r i c  l aye r  onto which 2 w t a l - i s l a n d  f i l m  i s  then 
evaporated. The e f f e c t  of t he  i s l a n d  f i l m  i s  t o  broaden the  acceptance angle 
from a few ten ths  o f  a degree t o  as much a f i v e  degrees a t  half-maximum i n  
t h e  absorpt ion (Reference 23) .  The measurements a l so  show t h a t  as much as 90 
percent  o f  the p-polar ized component o f  t he  top  quar te r  of t h e  s o l a r  spectrum 
can be absorbed by a s i l v e r  i s l and - f i lm ,  w i t h  s i m i l a r  r e s u l t s  f o r  t h e  
mid-quarter w i t h  a go ld  i s l a n d  f i l m .  
o f  an i n c i d e n t  r a d i a t i o n  f i e l d  i n t e r a c t i n g  w i t h  d i p o l e  located near a 
conduct ing t h i n  f i l m ,  w i t h  s u i t a b l e  m o d i f i c a t i o n s  which take the macroscopic 
s i z e  o f  t h e  meta l - is land i n t o  account. 
sur face plasmon d i spe rs ion  curve f o r  rl s i l v e r  f i l m  and measuremenus o f  t h e  
d i p o l e  frequency s h i f t s  ( i s o l a t e d  d i p o l e  vs. a d i p o l e  n t  
w i t h  theory, the coupl ing e f f i c i e n c y  between the  r a d i a t -  
plasmons can be estimated. (The d i p o l e  absorbs energy fr, the  
normal ly- incident,  unpolar ized l i g h t  beam and loses i t  oy m e  o f  t h ree  
processes: r e r a d i a t i o n ;  sur face plasmon gezerat ion i n  the  t h i n  f i l m ;  and 
ohmic heating.) The e a r l i e r  r e f l e c t i v i t y  data i n d i c a t e d  t h a t  as much as 97 
percent  o f  t h e  i nd i cen t  r a d i a t i o n  was absorbed by a s i l v e r  i s l a n d  f i l m .  
However, the d e t a i l e d  c a l c u l a t i o n s  i n d i c a t e  t h a t  a maximum o f  about 40 
percent o f  t he  t o t a l  incoming energy i s  t rans fe red  t o  sur face plasmons i n  the  
under ly ing s i l v e r  f i l m  (Reference 24) .  Moreover, t he  maximum i s  a f u n c t i o n  
o f  both the  wavelength o f  the i n c i d e n t  l i g h t ,  and o f  t h e  spacer-layer 
th ickness. An important f e a t u r e  o f  t h i s  approach, however, i s  t h a t  both t h e  
s and p p o l a r i z a t i o n s  can couple t c  the s t ruc tu re .  
requ i red  t o  asr?ss the importance o f  the shape o f  t he  meta l - is lands on t h e  
absorption, and t o  determi ne the  optimum s t r u c t u r e  f o r  maximum e f f i c i e n c y .  

The r e s u l t s  can be expla ined i n  terms 

By combining measurements of t he  

3 condiict ing f i l m )  
i e l d  and sur face 

A d d i t i o n a l  work i s  
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As the preceeding discussiorr demonstrates, there are several key ba r r i e rs  
tha t  must be addressed j u s t  t o  determine the f e a s i b i l i t y  of  a surface plasmon 
so lar  converter. Although we have made s t r i des  i n  our basic understanding o f  
many o f  them, the f i n a l  outcome i s  f a r  from clear .  Work w i l l  continue on '-,he 
key questions tha t  have thus f a r  been iden t i f i ed .  
"show-5toppers" are i den t i f i ed ,  the progran w i l l  be brought t o  an end. U n t i l  
such time, towever, the e f f o r t  presumes success. 

I f  and when any technica l  

CONCLUSION - 
The NASA space photovol ta ic  research and technology prograri has i t s  roo ts  i n  
the days o f  the f i r s t  rea l  so la r  c e l l .  
(1954-1984), the Agency's program has not on ly  developed technology f o r  the 
current  generation of photovol ta ic  power systems i n  space, i t  continues t o  
l a y  foundations f o r  the fu ture.  
program i s  i t s  overr id ing philosophy tna t  the m a t  important d r i ve r  i s  h igh 
ef f ic iency.  Without exception, program object ives are t o  achieve high c e l l  
e f f i c i ency  f i r s t ,  and t o  address balance-of-system considerations second. 
The success o f  t h i s  approach i s  a t tested t o  by the many appl icat ions o f  space 
photovoltaics, from NASA t o  m i l i t a r y  t o  comnercial missions. Once the path 
t o  high e f f i c i ency  has been demonstrated, aadi t ional  developments fo l l ow  
which reduce i t  t o  p rac t ice  i n  a cost -ef fect ive manner. I n  many i x t a n c e s  
those developments are encouraged w i th  government funding. 
instances such developments have occurred a t  the i n i t i a t i v e  o f  the comnercial 
sector. The net r e s u l t  has been steady progress f o r  near ly  three decades. 

I n  the three decades since then 

A k e j  element i n  the  success 9 f  the NASA 

I n  many other 
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Figure 1. Total Space Power Launched for NASA Missions. 
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Figure 2. Space Quality Solar Cell Technology. 
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Figure 7. Surface to Junction Plasmon Grating Coupler 
Concept. 
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NEW ADATOM MODEL FOR SiC111) 7x7 AND N85 -31 625  
Si(lll!Ge 5x5 RECONSTRUCTED SURFACES 
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A new adatom structure with significantly less angular strain than the 
simple adat. P geclaetry is proposed. The model involves J rebonding of 
=1/8 of surface atoms to the substrate in a manner similar to that 
occurring in the m-bonded-chain structure for the Si(ll1) 2x1 sur- 
face. The interference betueerl adato-, and substrate reconstructions 
forces the .smallest threefol.-sy!vmetric unit cells to be 5x5 and 7117 
in size. The proposed reconsiruct.ed-adatom model gives rise to 
structural features in good agreement with experiment. In particular, 
the inhomogeneous corr?o,* ion of the two halves of the 7x7 unit cell 
seen in vacuum-tunneling microscopy and the apparent need for stacking 
fault seauences in z 'asnneling exoeriments ere account-.d for. The 
rerults of surface I .  _ _  . 2nd structurc calculations on 2x2,  3x3, 5x5, 
and 727 adatom mcdels a-e preserced. 

I. ZhlXODUCTION 

The first teal ..ace imaging o f  the ? f 7  reconstructed SiClll) surface by 
Binnig e+, a1.l has generated new interest in the precise nature of the 
atomic bonding at this surface. 
maxima ir: the unit cell and deep holes at :he corners and sides of the unit 
cell with c corrugation as large as 2.8 b .  Except for a corner site, the 
lateral positions of the maxima coincide with the adatoms of HarriSOA'S 
model2 and the vacancies of the Lander model.3 
that the deep and inhomogeneous corrugations o f  the surface should be 
explainable by a simple relaxation or modification of t!. 
model. The nature of the modifications to be made has re2ained unclear, 
hawwer, because turneling microscopy docs not provide direct information on 
the scrfacs bonding geometry even thcugh it yields valuable information on the 
surface corcuga+ion. 

Vacuum- tunneling microscopy1 reveals 12 

Zinnig et d l  suggested 

!:arcison adatom 

nespite ths fact that the adatom model gives the best ap,reement of any 
simple structure wi:h the vacuua-tunneling results, it has not received 
universal acceptance 3s the correct structure for the 127 surEace. This is 
primarily tecar;se it i s  presently unclear whether this model is consistent 
with other experimental data or with theoretical considerations. 
complemer qry informekioa c the surface atomic structure from a recent 
analysie' or' RutherforC backscattering experiments5v6 indicates that the . 
. . MCABC . . . stacking sequerxe, characteristic r f  face-centered-cubic 
crystals, may be brok!.- at the suvface. Additional evidence for s;.c:king 
fauits 0- surface di,, ~rdtions has been dedoced from low-enetgy- electroir 
diffrnction (LRED) and from transmission electron microscopy. 

FJr example, 
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. 0 ’  - Several models8-10 which incorporate stacking fault sequen-es iii the unit 
cell and have structural features consistent with the observations of Binnig 
et ale1 have been proposed recently and will be examined in this paper. 

The acceptance of the adatom model for the 7x7 surface appears difficult 
also from theoretical considerations. 
cally stable 7x7 surface should be 1 w G r  than that of the metastable cleaved 
2x1 surface. In particular, the 7x7 surface should have a lower surface 
energy than the rr-bonded-chais struzture.11*12 In going from a chain to 
an adatm structure, the favorable energy lowering from IT bonding is presum- 
ably lost and, in addition, a significantly larger lattice strain is 
introduced. 
adatom mode’ indicate, howcvix, that the lowering of the dangling-bond density 
by a factor o 2 is sufficient to compensate for most of this energy loss. 
The 2 U  adator &el is found to be 0.12 eV (per 1x1 unit area) higher in 
energy than the 8-haded structure. This energy, although corsparable in 
size to the magnitude of tyoical surface reconstruction energies, is 
sufficiently seal1 that it makos further investigations of the adatom model 
neces sat;r. 13 

The surface energy of the thermodynami- 

The recent calculations of Northcup and Cohen13 for a 2x2 

In addition to constraints from vacuum-tunneling microscopy,T ion- 
channeling4 and surface-energy considerations the model for the annealed 
(111) surfaces of Si and Ge has to accocnt for a lerge body of other experi- 
mental data. These include nucleaticn of the 7x7 structure at steps;14 the 
anpearawe of stable 5x5 and 7x7 periodi~itiesl~ for Sn on Ge(ll1) and16 
for Ge on Si(ll1) surfaces; the similarities and differences in the 
p h o t o e m i s ~ i o n l ~ - ~ ~  and optical-absorption20,21 spectra of 2x1 and 7x7 
surfaces; eyidence €or uni ue surface and subsurface hydrogen chemisorption 
sites on the 7x7 surface;2q the possibility of magnetic 0rderir.g at. low 
tefn~eratures;~~ and a unique physisoLption site geometryz4 for Xe and Kr. 

In this paper the strtrctural and energetic aspects of the 7x7 end 5x5 
reconstruction3 are examined via total-energy calculations on a variety of 
models and on utit cells ranging from 2x2 to 7x7 in size. Large unit cells 
were used to eliminate uncertainties regarding the influence of unit-cell 
dimetsions on the magnitude of the relaxation energy fo- any particular model, 
and because f x  the adatom geometry proposed in this paper, the minimum unit 
cell size is 5x5. 

The paper is organized e s  follows. The results of energy-minimization 
calcula 
Sec. 11. For the particular case of a 2x2 rectangular iattice, the results 
are compared with those from ab initio self-consistent pseudopotenti2 
calculations of Nortnrup and Cohen.13 
is taken as a reference for comparing the differences between various 
structcres discussed in this and subsequent sections. 

*ns for the conventional type of adatom m d c l  are discussed in 

The surface energy for this structwe 

The possibility of substrate reconctruction involving a rebonding of 
atoms (as opposed to simple atomic relaxation) is discussed in Sec TLI. The 
wotivatitrn for this is the reduction of the Large angulat strains present in 
the conventional adatom model. The smallest structure for which this is 
pose~\le is a rectenbular 2x2 LaC-ice. For this lattice, the result3 are 
found to be only marginally better than the old rectangular adatom model. 
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Surprisingly, as shown in this section, it is found that as a result of the 
interference between the adatoe and substrate reconstructions. hexagonal 2x2,  
4x4, and 616 periodic structures are not possible for the new g e m t r y .  If 
the structure is required to have threefold syrmmtry. then the smallest 
hexagonal nX0- w i t  cells are 5x5 and 7x7. 
threefold sJgletry is calculated to have a much higher surface energy than the 
conventional adatm model. The reduced surface energy of larger unit cells is 
not primarily a result of the rotatidwl spaetry but arises from a removal of 
constraints inherent in smaller lattices. 

A 3x3 structure lacking the 

The results of calculatims on the new 5x5 adatasl geometry and a diwxs- 
sion of experimental results on the 5x5 and 7x7 structures are aresented in 
Sec. IV where it is showr that the model gives the following. 

(i) A surface corrugation consistent with that observed in vacuum- 
tunneling experiments. it provides an explanation for the inhomogeneous 
corrugation of the surface by having different relaxations and reconstructions 
in the two halves of the unit cell. 

(ii) Structural elements resesibling those arising from stacking faults 
at the surface.4 These come about directly as a cmsequence of tne re- 
bonding occurring in the substrate layer and are in good agreement with 
structural features deduced f r m  ion channeling. 

(iii) A lowering of the surface energy making the new structure energeti- 
cally competitive with the n-bonded- chain mode111*12 €or the 2x1 surface. 

(iv) An explanation for the striking similarity in polarization and 
angular dependence or' normal photoemission spectra for the surface states at 
r0.8 eV below the Fermi energy Ep in both the 2x1 and 7x7 surfaces.17*18 
Measured relative to the valence-band instead of Ep, this state 
is 20.3 eV more bound in the 2x1 surface than in the 7x7 surface. The new 
adatoln mode', provides a simple explanation for this energy difference. 

(VI Spzcific surface sites where hydrogen chemisorptio? is most likely 
to occur. It is proposed that hydrogen chemisorption at these sites leads to 
a large decrease of the swface energy. 

(vi) A greatly enhanced interaction among distant dangling bonds as 
compared to the simple adatm model. 
of spins should make a small but non-negligible contribution to the stability 
of 5x5 and 7x5 structures. 

This scggests that a magnetic ordering 

The results of cal.cu1atior.s for Himpsel's trimer model8 are discussed 
in Sec, V. 
briefly iu Sec. VI. 

The tight-bindiag-based method of c a l ~ u l a t i o n ~ ~  is reviewed 

11. SAWLR ADATOM MODELS 

A. Aiigular strains 

Two ada: -m taodf' d'th rectangular and hexagonal 2x2 unit cl?lls are shown 
in Fig. 1. In the ' -I" configuration where all bond lengt : are equal to 
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those in the bulk, the adatora is one interlayer spacing ( ~ 0 . 7 8  A in Si) 
above the substrate. 
configuration can be appreciated by considering the distributions of angles 
8 at the fourfold-coordinated surface atoms capped by the adatom. At each 
one of these second-layer at-, there are thrcr angles with the values of 

The large angular strains in this simple adatom 

8 = 1800 and e2 = e3 = 70.530 (1) 

which deviate sharply from the ideal tetrahedral angle of 109.47O. 

The adatom models shown in Fig. 1 are for the situation where the adatom 
is on a "hollow" site. 
atam. then larger angular strains ia addition to large bond-length strains 
develop. 

If the adatam is placed on a site above a second-layer 

I 

'. 

0 Adatorn 

0 Surface atom 

Second-layer atom 

Fig. 1. Top views of simple adatom models with rectangular and 
hexagonal 2x2 periodicities are shown in (a) and (b). In the 
unrelaxed geometry, the adatom falls the intersection of the three 
straight lines joining surface atoms to second-layer atoms. The 
resulting lbOo angles 80 to 16Oo-165O after re axation. 

The surface energy of the top-site geometry is suEficiently higher than the 
hollow-sii,e c~nPiguration~~ that it will not be considered in this - p r .  
The top-site geometry is also inconsiJtent with the results of 

- 
. ,  
5 1  vacuum- tunneling mictosccpy.1 
:I ._  

+ 
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It may be argued that relaxation of surface atoras will result in a large 
decrease of the angular strain energy. However, the present calculations for 
lattices from 2112 to 7117 in size show that the angles in Eq. (1) relax at best 
to values of 160° and 81°, respectively. 
achieved at the cost of increasing the adatom-substrate bond length by - 4 . 5 2  
over the bulk bond length. For a 282 hexagonal lattice, the reduction in 
total energy resulting from relaxation is about 1.4 eV per adatom. 

The angular relaxation is 

Considerations based on the angular strain energy of the adatom model 
suggest that this energy can be decreased apt:-?i;;l; + f  the epilibrium 
adatom-substrate bond length is larger than the underlying bulk bond length. 
A larger bond length prevents the adatom from falling on a straight line vith 
surface and second-layer atoms, thus decreasing 81 from 180°. 
Ge(lll)-Sn and Si(lll)-Ge systems where the Ge-Sn and Si-Ge bond lengths are 
both larger than substrate bond lengths, other possibilities for the 
optimization of the angular distributions exist if an ictermixing of the 
different atomic species takes place. The Ge(lll)-Sn adatom model is 
discussed below in Sec. C. The role of misfit strain energies in the 
reconstruction of annealed surfaces has been discussed by Phillips .26 

For the 

B. Surface energy of the rectangular 2x2 adatom 
model from tight-binding and pseudopotential calculations 

Northrup and Cohen13 have recently calculated the total-energy and 
atomic structure of a rectangular 2x2 adatom model [see Fig. l(a)l using the 
self-consistent pseudopotential method. They find that the relaxed adatom 
geometry has a surface energy lower by 0.17 eV/(lXl unit cell) relative to the 
unrelaxed ideal 2x2 surface and higher by 0.19 eV;(lXZ unit cell) as compared 
to 2andey.s n-bonded chain geometry.l1Sl2 
strains and frustrations inherent in the rectangular 2x2 lattice, which can be 
achieved, for example, by going to a hexagonal lattice, was proposed to lead 
to an even more stable adatom geometry. The present calculations, as 
described in more detail below, confirm this picture and how that a reductica 
of 0.05 eY/(lXl unit cell) occurs in going from the recthngular to the 
hexagonal adatom geomGtry. 

The removal of the lateral 

The atomic and electroaic structure cf the adatom geometry obtained from 
the two calculations are in generally very good agreement. However, the 
tight-binding calculations presented here €or various adatom geometries 
predict. the relative surface-energy- differences between variol;s adatom 
geometries more accurately than the differences between dissimilar geometries 
slrch as the ideal surface and the adatom geometry. This is because the 
Limited x3 basis set used in the calculations is too small to adequately 
account for the large angular strsins present in adatom models. Compared to 
pseudopotettial calculations, l3 the energy of the optimized rectangular 
adatom mode: is calculated to be 0.03 eV/(lxl cell) higher than that of the 
unrelared ideal surfwe instead of 0.17 eV/(:Xl cell) lower. Despite this 
problem of the tight-binding method in underestimating the binding ene:gy of 
an adatom, it is expected to be mora useful snd accurate in comparing the 
relative ensrgy differences hetween similar types O E  adatom structures 
consldered in this Faper. Cefining y E S  

y = surface energy (in eV/1X1 unit cell) (21 
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and taking the rectangular 2x2 lattice as reference, in the following sections 
the changes by in surface energy relative to the value for this lattice are 
giver!. On the basis of Northrup and Cohen's calculati03,~~ a decrease in 
y of greater than C.1S eV/(lXl cell) should make the adatom geometry more 
favorable than the n-bonded-chain model. 

C. Results of calculations on Si(ll1) adatom models 

1. RectanRular 2P2 cell 

The adatom and three substrate layers were allowed to relax. The optimum 
atomic 
forces.g5 In the unrelaxed geometry the adatom is approximately 0.78 R 
above the surface layer. After relaxation, the adatom moves away from the 
surface by 5n extra 0.39 &.  This is in good agreement with the 0.33 A 
calculated by Northrup and Cohen. l3 
give a bond-length stretching of 4.9% at the gurface as compared to 3.4% 
obtained previoi~sly.~~ 
values given in parentheses, are 

eometry was calvlated from a minimization of Hellmann-Feynman 

The present tight-binding calculations 

Some angular distributions, with the pseudopotential 

about the adatom, and 

e = 163O. 165O, 81°, 78O (ISSO, 169O, 790, 790 ( 4 )  

around the surface atoms capped by the adatom. 
deviations of +12O and --So from the ideal tetrahedral value occur about 
atoms on the second and third layers at the surface, respectively. The 
rectangular lattices lead to lateral strains and frustratior!s which are 
expected to be less severe in the hexagonal 2x2 cell discussed below. 

Much smaller maximal angular 

2. HexeFonal 2x2 cell 

The use of a hexagonal instead of a rectangular cell is calculated to 
lead to an energy lowericg of 0.2 eV/adatom or equivalently to a change in 
surface energy of 

by = -0.05 eV/(lXl unit cell). ( 5 )  

This can be attributed to a slight decrease of the angular and bond-length 
strains on this surface. The adaiom-surface bond length is stretched by 
~ 4 . 4 %  (as compared to ~4.9% before) and the angular distributions are 

e = 950 (6) 

abo:t the adatom, and 

8 7 160.4'. 81.4O (7) 

arauiid the surface atoms sapped by the adatom. Smaller- deviations of +lo" 
ar.d -40 from the ideal tetrahedral value ar:: also found in the second and 
third layers below the surface. 
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fhe 0.05-eV drop per 1x1 unit cell in the energy of the 2x2 hexagonal 
cell relative to the rectangular geometry brings the energy of thSs structure 
to within 0.14 eV/atom of the n-bonded-chain structure. The question, 
therefore, arises as to whether the use of larger unit cells will lead to a 
further reduction of this wergy. 

3. Ge(ll1)-Sn: 2x2  adatom model 

The addition of a ?raction @ €  a monolayer of Sn to the Ge(ll1) surface is 
knownz7 to result in a metastable 2x2 structure beforz the formation of 
stable 5x5 and 7x7 patterns.l5rZ7 
to Ge reduces the angular strains. For the optimum hexagonal 2x2 geometry, 
the Sn adatoms are calculated to be 1.6 A above the Ge surface. The 
optimization of structure leads to a Sn-Ge bond length of 2.73 A which is 4% 
larger than the sum of the respective covalent radii. The angular 
distributions are 

The larger covalent radius of Sn compared 

8 = 88.6O (8)  

on the adatoms, and 

8 - 157.3', 83.2' (9)  

on the substrate a+.oms capped by Sn. As shown in Sec. IV, a reconstructim of 
the bsurface leads to a lowering of the energy end results in a larger unit 
cell This is consistent with the observed 27 metastability of the 2x2 
recot structed Ge(lll)-Sn ctructure. 

4 .  5x5 and 7X? adatom models 

Slinple adatom models with 5x5 and ?X7 unit cells, with, respectively, 6 
anu 12 adatoms per cell, were examined to test khetiier the greater degrees of 
freedom for ator,c relaxation would leau to a h w e r  surfaceonergy. No 
restrictions on the &topic displacements were imposed. Each surface atom was 
moved in the direction of the Eellmann-Feynman forces25 acting on it by an 
amount proportional to the force. New forces we e then calculated and the 
process was repeated. The most extensive tesis bere made on 5x5 lattices. 
The adatoms as well as tha first three atomic layers at the surface (i.e., a 
total of 81 atoms per cell) were alloued to relax. After many iterations, the 
surface energy of the 5x5 adatom structure was calculated to be 
~ 0 . 0 4  eV/atom lower than that of the hexagonal 2x2 structure. About 10 
iterations were. also made for the 7x7 structure. Because of the large size of 
the unit cell, only the 12 adatoms and the first surface layer were allowed to 
relax. From the magnitude of the Hellmann-Feynman forces acting on the atoms, 
it can be estimated th-: the structure and surface energy of the 7x7 lattice 
will be nearly the same as that of the 5x5 lattice. It appears that an 
increase in unit-cell size will not result in a sufficiently large decrease in 
the surface energy of the adatom model to explain the occurrence of such 
superstructures on annealed surfaces. For the simple adatom model, a 4114 unit 
cell should be aearly os likely to occur as a 5x5, 6x6, or a 7x7 cell. 
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1x1. NEW ADATOM HODEL 

A. Rectangular 2x2 cell 
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The simple adatom mode1 leads to three highly strained 180° angles per 
adatom in the ideal structure where all bond lengths are equal to the bulk 
value. As shown in Sec. 11, atomic relaxations lead to somewhat reduced 
angular strains and to values of around 160° for these angles. 
reconstruction mechanism that leads to a further reduction in the strain 
energy resulting in angles of ~135' is demonstrated in Fig. 2 for the case 
of a rectangular 2x2 lattice. The reconstruction involves a rebonding of the 
"rest" atom (i.e., the surface atom not cappsd by the adatom) to the substrate 
in a rnsnner similar to that occurring for the TT- bonded- chain model. lL*12 
The reconstruction results in a reversal of the coordinations of the rest atom 
and a second-layer atom: The rest atoms become fourfold coordinated by 
becoming, in essence, a second-layer atom bonded to a third-layer aLim, and 
the second- layer atoms becomes like a threefold- coordinated first-layer atom. 
The top views of the ideal and reconstructed surface are depicted 
schematically in Figs. 2(a) and 2(b); the corresponding side views are shown 
in Figs. 2;c) and 2(d). It can be seen that the reconstruction improves the 
values of two out of three -180° angles at the surface. 
appear to be any simple way of reducing all the streins via reconstruction. 
The reconstruction shown in Fig. 2(b) improves the bonding of the adatom to 
the substrate by forcing two of the dangling bonds to become better aligned 
with the adatom. An optimization of the structure also shows reduced 
bond-length strains. The adatom substrate bond length is calculated to be 
~3.5% longer than the bulk value (instead of ~ 4 . 9 %  before the 
reconstruction). The model has mirror reflection symmetry through a plane 
passing through the adatom. 

A 

There does not 

The constraints on etomic relaxations inherent in a rectangular 2x2 
rectangular lattice are found to limit the energy reduction from rebonding to 
~ 0 . 0 6  eV/aaatom. 
-0.14 eV/adatom higher than that of the simple hexagonal 2x2 adatom 
structure discissed in Sec. 11. One reason for the relatively high energy of 
the new structure is that the release of the strains at the surface creates 
additional stress at subsurface layers. The 2x2 lattice does not allow a 
satisfactory relaxation of these layers that will lead to a significaat 
reduction of the surface energy. The new adatom geometry leads to an enhanced 
interaction between ,.he dangling bonds on adatoms and rest atoms. For the 
particular case of the rectangular 2x2 geometry, this does not lead to a 
lowerine of the electronic energy because the term involving this interaction 
has a zero sum over the two-dimensiocal Brillouin zone. The predicted higher 
surface energy of rectangul-? versus relaxed or reconstructed hexagonal 2x2 
cells is consistent with - - .  *xpnrimentel observation 27 of only the latter 
periodicity for the Ge(11i. -Sn 2x2 system. 

The $energy of the new structure is, therefore, still 

B. Hexagonal 2x2: 4x4, and 6x6 cells 

The new recon8t.ructed type of adatom model, surprisingly, rules out 
hexagonal 2x2, 4x4,  or even 6x6 unit cells. This results from the requirement 
that the adatom should alwags be lept. threefold coordinated. As shown in 
Fig. 3 €or the hexagonal 2x2 case, this condition is incompatible with the 
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@ Adatom 

0 Surface atom 

Q Secanblayer atom 

FIG. 2. Arrows in (a) show the top view of the directions of surface 
atomic displacements leading to a reconstruction of the simple 2x2 
rectangular adatom model. The resulting structure is shown in (b). 
The rebonding is similar to that occurring in the n-bonded-chain 
reconstruction of the Si(ll1) 2x1 surfsce. It transforms 213 of the 
~ 1 6 5 ~  angles Lo -135O. 
ideal and reconstructed surfaces are sho-m in ( c )  and (d). 

The corresponding side views of the 

periodicity 3f the unit cell. The rebonding of the rest atorj (i.e., atom 3 in 
Fig. 3 )  to the substrate does not. lead to relaxation of any of the -180° 
angles created by the adatom. To reduce these anglej, it is necessary to 
rebond type-1 atom to the subst-ate. This, however, would result in the 
adatom becoming twofold coordinated, raising the surface anergy considerably. 
It is simply not possible to keep the adatom threefold coordinated and, 
simultaneously, relax the angular strains in a hexagonal 2x2 lattice. Exactly 
the same type of problem persists for the latger 4x4, 6x6, and possibly other 
2gX21~ hexagonal cells. This aspect of the new adatom model is in sharp 
contract to the conventional adatom geometry where 2 ~ x 2 1  periodicities can be 
easily achieved. 
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@ Adatom 

0 Surface atom 
Second-layer atom 

FIG. 3. This top-view figure illustrates that a rebonding of atoms, 
of the type shown in Fig. 2 for the rectangular 2x2 cell, is not 
possible for the hexagonal 2x2 cell. In order to get a reduction in 
the angular strain energy, it would be necessary to move atom 1 in 
the direction shown and make it a second-layer atom while making atom 
2 a first-layer atom. 
twofold coordinated, leading to an increase in the surface energy. 
It caa be seen that the rebonding of "rest" atom 3 does not lead to 
any lowering of the strain energy. 

This would result in the adatom becoming 

C. Hexagorral 3x3 lattice 

The smallest hexagonal EXIJ lattice for the reconstructed adatom model is 
3x3 in size, as shown in Fig. 4. The Jirections of surface atomic 
displacements leading to the reconstruction of the substrate are indicated by 
arrows in Fig. 4(a) and the resulting structure is shown in Fig. 4(b! .  The 
optimized structure is calculated to have a surface energy 0.5 eV/(3X3 unit 
cell) higher than for the relaxed but unreconstructed adatom geometry. One 
reason for this is the extremely large bond-length strains (-76.42 and 5.7%) 
at the surface resulting froa! reconstruction. These are the largest streins 
for any of the adatom models examined. Another reason for the high surface 
energy is thst reconstructions transforms only 2/9  of thc 16Oo-18O0 angles 
to ~ 1 3 5 ~  as opposed to 2/3 of such angles in the rectangular 2x2 case. In 
additim, the reconstructed 3x3 adatom model cannot be made to have the 
threefold syannetry of the underlying substrate. 

IV. 5x5 AND 7x7 RECONSTRUCTED (111) SURFACES 

A. Recoiistructed adatom model 

The smallest unit cells for which the reconstruction of the adatom model 
can be made to have threefold rotational syolhnetry are 5x5 and 7x7 in size. 
The presence of this symmetry is accompanied by the removal, o f  frustrations 
encountered in smaller unit cells. The directions of motion of surface-layer 
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FIG. 4. Top views of the Si(lll) 3x3 surface are @+own. The 
reconstructed 3x3 adatom model has a mirror plane going through the 
long diagonal but it lacks threefold rotationel syntfnetry. The 
directions of atomic motions leading to a reconstruction of the 
substrate is shown in ( a )  and the resulting structure is -'lorn in 
(b). Only one -165O angle is transformed to a -135O angle 
for each reboiding, as opposed to twice as many in 5x5 and 7x7 
lattices. The atomic designations are the same as in Figs. 1-3. 

atoms (i.e., rest atoms) which bond tt the substrate to form the mcdified 
adatom model are shown b, irrows in Figs. 5(a) and 6(a). The fraction of 
surface atcims participat'ne in the reconstruction of the adatcm model is 
nearly 118 in both the 5x5 and 7x7 structures. The rebonding of each atom 
transforms two 16Oo-18O0 angles into ~ 1 3 4 ~  angles. 
positions of the adatoms on the left triangular region of the 5x5 structure 
are calculated to be modified by ~ 0 . 0 5  W relative to their ideal values as 
a result of this rebonding. No such change occ'irs on the right triangular 
section. 

The lateral 

The requirement that every adatom should be close to a boundary of the 
unit cell (such that a reconst iction of the underlying surface similar to 
thosa for the 5x5 and 7x7 surfaces can occur) rules out adatommodels with 
marginally larfer (e.g., 9x9) unit ce lss .  For the 
short diagonal 
a8 a rosult of 

of the unit cell is equivalent to a 
threefold rotational symmetry. All. 
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structures are, therefore, adjacent to a boundary. For larger cells, a number 
of adatoms would be forced to the interior of the unit cell and away from the 
boundaries. This would raise the surface energy since comparable 
reconstruction of the substrate could not occur for these scams. 

The release of strain energy associated with the rrconstruction of the 
substrate is calculated t,o be large locally. Each rebonding is calculated to 
release ~ 0 . 7  eV in energy. This value is obtainea by comparing the total 
energy for the optimized conventional 5x5 adatom model wiCh that obtained fur 
the new 5x5 structure. The latter has a surface energy which is lower than 
the reference rectangular 2x2 lattice (see Sec. 11) by 

.'? 

A p  -0.14 eV/(lXl unit cell). (10) 
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The simple reconstruction of just the left half of the 5x5 lattice goes a long 
wag towards the =-0.19 eV/atom needed to make the adatom model competitive 
with the chain model for the 2x1 cleaved surface. Because of the depth of the 
reconstruction, it is not presently feasible to do any meaningful calculations 
on the new 7x7 structure. It is assumed here that the results of the 
calculations on the 5x5 surface are applicable for the most part to t.he 7x7 
surf ace. 

FIG. 5. A top view of the ideal 5x5 adatom model is shorn in (a). 
The directions a€ atomic motions lcAding to a reconstruction of the 
substrate are indicated by arrows. The resultiag reconstructed 
structure is shown in (b), end the point of large stress in the right 
trlaneular region is indicated by an arrow. The atomic designations 
are tile same a8 in Figs. 1-3. 
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FXG. 6. Ideal and reconstructed adatom Eodels for the 7x7 surface 
are shown in (a) iind i b ) ,  respectively. The arrows in (a) give the 
4irections of atomic displacements leading to the rebonding. The 
points of high stress in the left and right triargular regions 6 r '  

indicated by arrows in (b). !I& discussed in the text, hydrogen 
chemisorption at these sit - s  kw11.i enhance the stability of the 
structure. The atomic des'.gFat.ir:lz are th? s m e  as in Figs. 1-3. 

The 5x5 and 7x7 stwct,u;e? s h m n  in Figs. 5(b) and € ( 5 )  have a 
reconstructed adatom geonetry OR the left. half of the cell and a conventional 
Lype of adatom structure on the right half. The presence of an adatom at the 
corner of the unit cell is energetically unfavorable since it leads to a 
locally ( 3 x 4 3  structure. Adatom structures with this periodicity have a 
higher surfece enerqy than those with a 2x2 lattice. From Figs. 5(b) and 6(b) 
it can be seen that the relation of equivalent sets of adhloms in the 5x5 and 
7x7 lattices [e.g., tie adatoms in the left half of the unit cells in 
F - s I , .  5(b) and 6(b)l with respect to the centers of their respective 
triangular reeions is reversed in the two cell structures. 

Sevaral possibilities for th,, reconstruction of the right t.rian?*ilar 
section of the unit cell, a5 well as f a - _  the corner, were c m s i w r e d .  Three 
of the reconstructions €or the corner are shorn in Fig. 7. Tho laPt two 
reconstructions preserve the threefold syllPmc4ry of thc unit cell, bhereas ths 
first one breaks this s-vaanetry. For the 5x5 lattice, none of tl.c?se 
reconstructions is found to lower the energy; in fact, they all r-sult in an 
increase of the total energy. Other types of atomic rearrangements at the 
corner caniiot be ruled out.. A eomperison of the calct.l&ted structural and 
electronic properties of the 5x5 structure with the available PP .erimental 
data is given in the following sections. 
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FIG. 7. Tnree possible modes of atomic displacements at the corner 
of a 5x5 cr 7x7 unit cell ere shown in (a), (b), and ( c ) .  The 
corresponding structures resultiDg from recl,nstruction are shown in 
(d), (e), and ( € 1 ,  respectively. Structures f b )  and ( c )  preserve the 
threefold symmetry of the unit cell whereas :a) breaks thi; s p s t r y  
but  maintains mirror reflection symmetry. All three types of 
reconstruction are found to result in an increase in etiergy. The 
atomic designations are the same as in Figs. 1-3. 

B .  'lacuurn- tunne1.11ig microscopy 

The presence of twci dif:erent adatom structures ;n each triangular half 
of the cell is consistent with results from vacuum- tunneling measuremsnts1*28 
on the Si(lll1-7X7 surf~r.>. The present calculations on a 5x5 outface show 
that the adatoms on tle LVO ltalves of the unit cell differ in their heights 
relative t o  a reference ; I l l )  plane hy lk0.19tC.03 A ,  with the 
adatoms on the left half be' , ig  highor. This hs reversad t-w the conv?ntional 
adatom mode' where the difttrence 4; calcrrlated to bt -0.Ob A fcr t h e  5x5 
surface and -0.02 A for the 1x7 Etrrface. Recent tuoqeling aeasuroments 
indicate a diflsrence of ~ 0 . 3  A .  The sign of the difference is ir. 
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agreement with thst calculated for the new adatom g e m t r y .  The atomic 
rebonding occurring along the boundaries of the uni. cell leads to deprsssions 
along the edges and the short diagonal of the unit cell which are consistent 
with those observed in tunneling microscopy. 

The maximum difference between tht height of an adatom to a second--layer 
atom at the corner is calculated to be z1.9i0.3 A .  
value of the cor ,*gation is 12.8f0.3 A .  The rest atoms at the c x n e r  
would have to relax more deeply towards the bulk for the measured corrugation 
to be this large. For the particular case of the rectangular 2x2 lattice, the 
tight-binding method (as compared to the pseudopotential method13) may 
tinderestimate this inward relaxation. Applying the results of the 
calculations €or tho 5x5 lattice to the 7x7 structure, the height difference 
between adatoms on the left (right) and the central atom of the left (right) 
trianp*:ar rcgion is 1.55i0.2 A (0.94f0.2 8 )  as compared to the 
valua, e - 1.2i0.3 A (0.7i0.2 8)  frola vacuum tunne1ing.l With the 
possible exception of the corner where further atomic relaxations may occur, 
the modified adatom provides a sktisfactorg overall description of the 
experiloeatal results on the 7x7 surface corrugation. 

The experinentar 

C. Rutherford backscattering 

The proposed 5x5 and 7x7 structures have structural features, arising 
f r m  reconstruction, resembling those from stacking faults at the surface. On 
the ideal (111) surface, the projection of the three bonds made by a surface 
atom with its three nearest-neighbor second-layer atoms onto a (111) plane 
forms either a Y pattern or an "inverted" Y pattern which is rotated by 180° 
from it. 
patterns are simultaneously present. The modified adatom modal demonstrates 
that such a feature tan also arise as a result of reconstruction even in the 
absence of stacking faults. The rebonding of a surface atom to the substrate 
causes a reversal of the Y patterr! next to it. An examination of the 
calculated atomic structure and lattice spacings of the modified adatom model 
shows it to be in good agreement with the structural features deduced by 
Bennett et from recent. Rutherford backscattering experiments.5,6 The 
new a d a t m  model is 8XpeCted to be consistent with the results of 
impact-collision ion spectroscopy of Aono et al.29 which give evidence for 
an adatom geometry but, at the same time, rule out the conventional, 
umeconstructed adatom model. 

If stacking fault sequences occur at the s u r f a ~ e , ~  then both 

0 .  Magnetic ordering 

The reconstruction of the simple adatom model greetly enhances the 
interactions between neighboring dangl!ng bonds by bringing them much closer 
together. The interaction between the dangling bonds on the 5x5 surface is 
estimated to make a small ( ~ 0 . 5  eVl(lX1 unit cell)] but non-negligible 
contribution to the lowering of the total energy. This is in contrast t o  the 
situation for the 2x1 a-bonded chain structure where second-nearest-neighbor 
interactions make no contribution to the stqbilization of the structure 
because the phase constraint on the wave function resulting from the Bloch 
condition leads to a cos(h) term in the electronic energy with a zero 
integral over the Brillouin zone. For the proposed 5x5 and 7x7 structures 
spin-polarization effects similar to those considered p r e v i o ~ s l y ~ ~ - ~ ~  for 
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sraaller lattices are also expected to make a further (r0.04 evlinteracting 
dangling bond) contribution to the stability of the structure. Possible 
evidence for a magnetic ordering on the 7x7 surface resulting in a very small 
gap in the electronic excitation spectrum has been obtained recently from 
low-temperature measurements .*3 

E. Photoemission 

Strong indirect evidence for the adatom reconstruction proposed in this 
paper i s  provided by normal photoemission spectra17-19 on Si(ll1) 2x1 and 
7x7 recinstructed surfaces. These measurements show 6 surface state at 0.8 eV 
below the Fermi energy Ep on both surfaces with nearly identical 
polarization and angular dependence of photoemission intensity at normal 
emission.17 
of EF, the two states lie at -0.7 eV and -0.4 eV for the 2x1 and 7x7 
surfac@s, respe~tive1y.l~ 
structure €or the 5x5 structure shown in Fig. 5(b) and for the 2x1 
reconstructed n-bonded- chain umdel1l* l2 predict a binding- energy 
difference of 0.24 eV and show the cOmwn origin of the two states. 
sharply localized and multiply degenerate state at -0.4 eV for the 5x5 surface 
is calculated to arise primarily fronr the dangling bonds of the 
threefold-coordinated surface atoms that were initially second-layer atoms 
befora the (2XZI-like reconstruction. The lower binding energy of this state 
relative to the one on the 2x1 surface is a consequence of the absence of 
nearest-neighbor n bonding on the 7x7 surface. The reduced emission 
intensity for the 7x7 surface is consistent with the smaller density of these 
type of atoms on this surface. The similarity between the 2x1 and 7x7 
surfaces is expected to hold only near normal emission where the phase of the 
wave function is invariant over all equivalent dangling bonds on the 2x1 
surf ace. 

Measured relative to the bulk valence-band maximum instead 

The present calculations of the electronic 

The 

Additional strong evidence in favor of some 2x1-type reconstruciion on 
the 7x7 surface is provided i-y LEED. Defining the effective “1/2-order” 
spectra of the 7x7 surface tc? be the average of the 317 and 417 
f ractional-order spectra, Yanb and J ~ n a ~ ~  haVQ found remarkable similarities 
in the 112 spectra of the 2X, and 7x7 surfaces. They have also shown that the 
7x7 surface possesses at lerst. one airror plane along the doubling direction 
of the 2x1 surface. Thest results of LEED are in agreement with the modified 
adatom model proposed in this paper. The question of whether the 7x7 surface 
possesses m l y  one mirror plane or three such planes leading to threefold 
rotational sysrnetry was also raised by the LEED me;surements. Surface 
rsconstrtwtion leading to a reduced symmetry can lead, in principle, to a 
reduction in the total energy. The present calculations show that the removal 
of threefold syametry on the 5x5 surface, by additional 2x1-like 
reconsixuctions st the corner atoms, Pigs. 7(a) and 7(b), which still maintain 
mirror symmetry along the [ 2 i ? l  direction, results in an increase in the 
surface energy. The present calculations indicate that the threefold symmetry 
of the 7x7 LEEU Pattern is irrtrinsic and not the result of an averaging over 
three single domain patterns. 
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G. Hydrogen chemisorption 

I '  

I 

The SXS and 7x7 unit cell contain points of high stress at the positions 
of second-layer atoms marked by arrows in F!gs. S(b) and 6(b). The stress is 
caused by the passage of three =180° angles through th8Se sites. 
surface minimizes its energy by exerting a large outward force on theso 
second-layer atoms which amves them up by -0.35 8 ,  reducing the 180° 
angles to ~ 1 6 3 ~ .  The large stress at these points increases the 
probability of bond rupture upon exposure to hydrogen. 
second- to third-layer bonds at these pints, together with tbe chemisorption 
of one hydrogen atom at each of the resulting dangliug bonds, should lead to a 
very large decrease in energy. The recent high-resolution infrared 
spectroscopy of Chabal et a1.22 on Si(ll1) 7x7 surfaces covered by a few 
percent of a monolayer of hydrogen has provided evidence for unique 
chemisorption sites at the surface and the subsurfece. 
proposed here [Fib. 6(b)J this would suljgest a greater probability for 
hydrogen chemisorption on the left half of the unit cell (at the position of 
the arrow) than on the right triangular region. 

The 

The breaking of the 

For the 7x7 model 

Evidence for the formation of SiH2 and SiH3 complexes in the early 
stages of hydrogen chemisorption on the Si(l11) 7x7 surface has been obtained 
by Wagner et a1.34 from electron-energy-loss studies. 
atomic sites to form such complexes are the adatoms where the strained 
adatom-surface bonds are most likely to break upon exposure to atomic 
hydrogen. 
of SXS and 7x7 adatm structures. Experimentally, it is known35 that 
hydrogen chemisorption does nc;t remove the seventh-order periodicity of the 
Si(ll1) surface. 

The most probable 

Hydrogen chemisorption leads to a lowering of the surface energies 

H. Optical absorption 

In the energy range of ~0.4-1.0 eV, the strength of optical absorpltion 
between surface states on the Si(ll1) 7x7 surface is at least an order of 
magnitude smaller than on the 2x1 surface. For the latter case, two recent 
optical s t ~ d i e s 3 ~ ~ ~ ~  have provided strong evidence for the m-bonded-chain 
mode1.l1 
element can be shown to be proportional to the nearest-neighboc n-bonding 
interaction between dangling bonds. The weakrless of the optical-absorption 
intensity on the 7x7 surface is related to the more distant and much weaker 
hopping matrix element between dangling bonds. The calculations for the 585 
structure show narrow empty s&-synaretry surface--state bands at 0.13-0.28 eV 
and at 0.39-0.4s eV at above the valence-band maximum (VBX) which are strongly 
localized on the adatoms. The highest filled surface states are calculated to 
be =3.4 eV below the VBX. These states are also in character and are 
localized on the fourfold atoms which become th-zefold coordinated as a result 
of reconstruction. Transitions between these states are expected to be very 
weak as a result of the small hybridization between the orbitals. At higher 
excitation energies (1-3 eV), differential external reflectivity 
measure~ients~~ show a surface-state transition at 1.76 eV. 

For this structure, the magnitude of the optical transition matrix 

I. Nucleation at steps 

A study of the phase transition between :he Si(ll1) 7x7 and 1x1 
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structures at Tc=8300C via reflection electron microscopy14 reveals 
that the 7x7 structure nucleates preferentially at steps. From the 
observation that the shapes of the steps change spontaneously and continuously 
above Tc, it was concluded that the 7x7 reconstructiou involved an ordering 
of either adatoms or vacancies.14 
for the 7x7 surface, the role of steps in the nucleation process is to force 
initially a linear ordering of adatoms along the step. 
of adatoms near the step is larger than that of adatoms on the terrace so that 
they remain effectively pinned at the step while the other adatoms can move, 
then a two-dimensional ordering of atoms should eventually result. 
binding energy near a step is reasonable because of the greater freedom for 
atomic relaxation at such a site. The 7x7 to 1x1 order-disorder 
t c a ~ s i t i o n ~ ~  probably results when all adatoms become mobile. 
temperatures (T_<42SoC), where surface atomic mobilities are smaller, steps 
tend to increase the 2x1 to 7x7 transit ion temperature. 40 

In the context of the new adatom model 

If the binding energy 

A greater 

At lower 

J. Adsorption of closed-shell atoms 

Recent s t u d i e ~ ~ ~ * ~ ~  of Ar, Kr, and Ke adsorption on the Si(ll1) 7x7 
surface have provided useful information on the 
surface. The measurements provide evidence for 
the surface which is most probably associated w 
of the unit cell seen in tunneling microscopy. 
adsorbed Kr and Xe as B function of temperature 
Webbz4 were able to demonstrate inadequacies in 
models that have been proposed for this surface 
Schell-S~rokin~~ have reporte! ultraviolet phot 
coverage-dependent electron binding energies of 

atomic structure of this 
B mique chemisorption site at 
th the deep hole at the corner 
By measuring the amount of 
at fixed pressure, Conrad and 
nearly all the structural 
More recently Demuth and 

emission measurements of the 
adsorbed Ar and Xe on Si(l.11) 

surfaces. Their results favor the Harrison-Binnig1g2 type of adatom model 
for the 7x7 surface to the exclusion of most other structural models. The 
three types of adsorption sites inferred from the measurements &re indicative, 
however, of a structure more complex than the simple adatom geometry. This is 
consistent with vacuum- tunneling results1 and with the reconstructed adatom 
model presented in this paper. 

V. TPLHER MODEL i 
i In addition to adatom models, Himpsel's trimer model8 for the 7X? 

reconstructiou was axaminea in detail. The model is similar to the 
rr-bonded-chain model for the Si(ll1) 2x1 surface except that only one half 
as much rebonding of atoms is required to create it. Furthermore, in common 
with the models proposed by McRae9 and Bennett ,lo stacking-fault sequences 

second-layer atoms along the boundaries of the unit cell leading to a -16% 
reduction in dangling-bond density from the 1x1 surface. 
that the reduction in t.he number of broken bonds together with IT bonding 
would stabilize the timer model against the 2x1 chain model. 

! 

I are explicitly included in the structure. This leads to bonding between 

It was suggested8 

T 

5 

Using a 5x5 lattice, the atomic structure of the trimer model was fully 
optimized. The calculations show that the model has a higher surface energy 
than either the ideal 1x1 surface or the simple adatom model. The surface 
energy is calculated to be ~ 0 . 3  eV/lXl unit cell higher than the 
reconstructed adatom model. The IT bonding in the trimer model is found to 

! 
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be not as effective as in the 2x1 chain model. Calculations for an optimized 
2x2 trimer model (which replaces the large strains associated with the 
stacking-fault sequences of the 5x5 structure with other unavoidable strains) 
give an identical surface energy when corrections for a 16% lower 
dangling-bond density are made. For 5x5 and 7x7 lattices, the results of the 
calculations indicate that the bonding between second-layer atoms which is 
required in stacking-fault models of the surface reconstruction leads to large 
strains which are energetically ui,?avorabZe. 

VI. METHOD OF CALCULATION 

The use of the empirical tight-binding method in force and 
energy-minimization calculations is discussed in detail in Ref. 25. In this 
section, the approach employed in calculating the surface energies for the 
large unit cells discussed above is examined. 

As in previous calculations, a slab geometry infinitely periodic in two 
dimensions wqs used. 
that the relaxations or reconstructions on the two ends of the slab should 
rem'-n independent of each other. 
layers in the present calculations, the dangling bonds on one end of the slab 
were eliminated by the addition of hydrogen for all the surfaces studies. To 
account for the effects of hydrogenation on the total energy, an additional 
calculation in which hydrogen was added to both ends of an ideal slab had to 
be made. One-half of the total energy of the latter geometry was subtracted 
from the energy of the structure with hydrogen on only one side of i - ,  to 
determine the total energy g.tot of the remaining 
energy y was then calculated by dividing the energy 

The criterion for choosing the thickness of the slab is 

To reduce the need for a large number of 
1 

1 

atoms. The surface 

(11) 

by the area of the surface unit cell. 
per atom in the crystalline, diamond--structure environment. 

In Eq. (111, 9 is the binding energy 

The calculations on 5x5 adatom geometries were done with a 131-atom unit 
cell consisting of six adatoms, four complete (111) layers (100 atoms), and 25 
hydrogen atoms. The hydrogen layer and the Si layer adjacent to it were held 
fixed in nearly all the calculations. The remaining 81 atoms were allowed to 
relax. 
along the direction of the Hellmann-Feynman force acting on it. 
calculation of this force within the tight-binding method is straightforward 
and has been previous!.y The modified adatom mGde1 proposed in 
this paper leads to a relaxation extending deeper into the bulk than is the 
case for the simple adatom model. 
test the new adatom model for the 7x7 surface. For the conventionel adatom 
model, however, a calculation of the atomic structure was made. In these 
calculations, a 159--atom unit cell consisting of 12 adatoms, two full (111) 
layers (98 atoms), and 49 hydrogen &toms was used. 

The relaxed atomic geometries were determined by moving each atom 
The 

For this reason, it was not possible to 

A new adatom 
reconstruction of 

i 
I 
I 

V I I .  CONCLUSIONS 

model differing from the conventional model by a 
the substrate is proposed. The new adatom structure 
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provides an explanation for the 7x7 and 5x5 size of the unit cells seen on 
annealed Si(1ll) and Si(lll)-Ge surfaces, respectively. The model is 
consistent with structural information from vacuum-tunneling microscopy. 
also provides simple explanations for stacking-fault-type features expected 
from Rutherford backscattering experiments and for similarities in the LEED 
and photoemission spectra of 2x1 and 7x7 surfaces. 

It 
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DISCUSSIOW 

RAO: I believe you said as part of your talk that these bonds have residual 
ionic charges. 
pensation in these charges by other atoms moving in? What is the physi- 
cal manifestation of this? 

What is the effect of ionic charges? Can you get com- 

RAZWBRSKI: The physical manifestation is an increase in the work fuaction at 
You can actually predict that there should be about 0.5 eU 

You can get rid of most of these things by hydrogen ion. 

You can tell which end is negative and which one is positive, 

the surface. 
increase in the work function. Measured, the work function increases 
about 0.35 eV. 
You get an increase in the work function because of the way the a t o m  are 
oriented. 
and then calculate the work function increase. 

DYER: This work has very far-reaching, important considerations for man) uses 
-. of silicon, and I compliment you and your workers on this. I have a 

Supposing you were dis- 

4 come up? 

question that arises in my mind right away. 
solving away silicon or melting away silicon, do you visualize that these 
structures would occur instantaneously or would they take some time to 

4 
0 1 :  The reason is, for the activation barrier to go to the annealed sili- 

<,I con 7 I 7 structure you can measure the activation energy by going to the 
following experiment: You take the [loo] surface, which is 2 x 1, and you 
keep it at, let's say, 20OoC. When this has been done, then you wait, 
and measure the time that you have to wait to get the 7 x 7, and you do 
that at 3OO0C, 4OO0C, and so on. 
transform the 2 x 1 to the 7 x 7 surface, you get an activation energy of 
about one-half eV per atom, to go from the 2 x 1 to the 7 x 7 structure. 
But if the temperature is high, if you are close to 8OO0C, then the 
structure appears spontaneously. 
80OOC. The Japanese have shown by beautiful microscopy measurements 
that the 7 x 7 structure nucleates at steps. I believe the reason it 
nucleates at steps is that you get a one-dimensional ordering of the 
atoms along the steps, which eventually lead to a three-dimensional 
ordering over the entire surface. 

Prom the time that is required to 

The atomic mobilities are very large at 

SAH: I would like to ask you if you could give us the implication of the 
results you find on oxidized silicon? 
states recdination velocity? On oxidized silicon at high temperature? 

How does that affect the interface 

I 

CHMI: I have done some work on silicon oxide interfaces that I did not 
mention here, This work has been done mostly on clean surfaces with no 
oxida. I have done some work on hydrogenated silicon [ill] and [lo01 
6urfaces. If you add hydrogen to these surfaces, then all the recon- 
struction goes away. You end up with a much lower surface energy i f  you 
have essentially an ideal surface with every dangling bond saturated by 
hydrogen. The 7 x 7 surface, however, is known to to bQ an extremely 
stable surface. A Japanese group reported that they exposed it to 
hydrogen and oxygen and to air for several days and they were still 
seeing 7th-order spots in their leads. It is a very stable structure. 

! 
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GRUNTHMIEP: I have two questions. One is: are you fadliar with a recent 
gaper that Linos Pauling put out, looking at ycur asymmetric dimes situa- 
tion on <loo>? 

CHADI: I forgot to mention that there was some controversy with the siAicon 
(100). The chemists, particularly Goddard at Caltech, sug6ested that 
asyaraetry was not reasonable, that it should remain syormetric. 1 heard 
that in a conference where Pauling was present; Pauling took issue with 
Goddard. 
giving chemical arguments why silicon (100) should have asylmnetric 
dimer structure. 
using very simple chemical arguments. His idea was that, essentially, 
there were two configurations, covalent configuration and ionic configu- 
ration, and these two configurations had roughly similar energies -- that 
they would mix in two different configurations that gave asymmetry. 

I later wrote this paper in the Physical Review suggesting 

In fact, they r'aund the structure very close to mine, 

GRUNTHANEB: The thought that was quite fascinating that came out of that was 

He comes up with disgustingly close numbers in terms of 
these incredibly simple arguments that he has developed out of atomic 
orbital theory. 
what you were able to get out. 

CHADI: I had the same ideas after I did the calculations. In fact, I had the 
angles on the viewgraph. 
the symmetric to the asynrnetric dimer: in the synrmetric dimer you still 
have all 190° angles. 
to the asgmmetric dimer, one of the bonds becomes SP2-bonded, essen- 
tially. 
strong; much stronger tharr the SP3 bond. 
and the P bonding is close to the SP3 bond. 
way, and that is essentially Pauling's argument. 

If you look at what happens when you go from 

Whereas when you go Very close to tetrahedral. 

The angles can relar to close to 120°. The SP2 bond is very 
The other one becomes P-bonded 

So you gain energy that 

GRWTHANBR: That is what brings up the second question. When you did this 
calculation of the effective grain boundary in silicon material, I assume 
+,hat out of the calcalation you get the chemical implication of bonding 
and entibonding states, and of the e.irgy distances between those. For 
the grain boundary in silicon, buried down in the silicon in your slab, 
you essentially get something like a bonding-antibonding splitting in 
there that I assume you can compare with what you can get for the normal 
SP3 bonding in silicon. So the question is, was there any difference 
in gap implied in that rehybridization in the 5- and 7-membered rings? 
And then the second part of that: was there any indication of the change 
in hybridization? 
lowing the kind of orbital electro-negativity ideas that are being 
developed now? 

Namely, is the S contribution to bonding really fol- 

CHADI: As I am sure that you are aware, the grain boundary I considered was a 
continuous grain boundary. There were no dangling bonds. It was a per- 
fect bonding at every site. 

I 

I 

I 

t 

GRUNTHANEB: But the geometry is qiite different around the silicon site. I am 
wondering whether there is an application €or that in the gap. 
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C U I :  I looked at the static charge distribution at the grain boundary and I 
found, amazingly, that most of the atoms were neutral to within 200th~ of 
an electron. 
deviations from neutrality of & 0.1 electrons. As far as the electronic 
states -- I looked at those; whenever you havs five or seven full rings, 
there it a very characteristic state that is forbidden essentially for 
even numbcrs of rings of atoms, and these states occur at two well-defined 
positions where you have pseudo-gaps. 
density state then there is one of these pseudo-gaps at about 0.08 eV 
below the valence band. This is a very sharp state. There is also 
sharp state in the conductim band, I don't know at what energy, but 
there is nothing in the band gap. 
state associated with the grain boundary. 

However, there were a few atoms at t.he boundary that had 

If you look at the four bands of 

The band gap is free of any defect 

MILSTEIN: After Grunthaner's cement about Linus Pauling discussing this, I 
am not sure that I have anything further to say. 
at was the matter where you described the thermodynamic transformation, 
and the argument that crossed my mind is that in the carbon system, 
diamond is not thermodynamically stable, although we have all seen such 
objects, and they stand around for quite some time. I think the issue I 
would raise is that this should be viewed from the point of view of the 
bonding of Period 4 elements. In that sense, I think, when you go from 
carbon to silicon tt.e transformations occur more readily, clearly, but 
when you talk about a pi-. mded system, it's a straight organic system. 
That is where it comes from. 

The issue I was looking 

0 1 :  That's right. However, this might be easy for you to say, but the 
chemist, I know Goddard far example, believes that the pi-bonding of 
silicon is very weak and I think it is weak, it i s  much, much -- by a 
factor of three -- weaker in magnitude than the pi-bonding in carbon. 
However, it does occur. 
exist in rilicon, whereas there is strong evidence now, at least on tho 
silicon surface, that pi-bonding does exist, and it is very, very weak. 
As I mentioned, absorption between surface states, with the polarization 
dependence of the absorption. The only structufe that agrees with that 
measurement and also photon emission is the chain structure. 
to convince the ch-mists. I believe, at the surface at least, there is 
pi-bonding, and it makes a contribution to the stability of the surface. 
The question is: how strong is it? The chemists say iL is very weak. 

Some would argue that pi-bonding should not 

So you have 

MILSTEIN: Obviously, it has to be very weak. I don't think tiere is any 
argument about that. 

CHADI: It is much stronger than carbon. 

MILSTEIN: That probably also explains why diamond exists, because themo- 
dynamically it ocght not to. 
get over it to change it to graphite. 

You have a big enough activaticn energy to 

*- 
t. 

CHADI: Yes. The activation energy is very big there. 

HANOKA: 

i 
i I uould like to pursue this thing about the hydrogen on the surface 

again. That was for a [ l l l l  sur€ace, is that right? i 

i 
187 



a 

i 

CHADI: For the Ill11 kurface it goes to an ideal, yes, the reconstruction 
goes away and also for thta [lOOI, i f  you add hydroget; it first saturates 
the dangling bonds, and it stays 2 x I, but then i f  you add more hydragen 
then it breaks the silicon-silicon dimer bond and you get a dihydride on 
the [IO01 surface. 

HANOKA: That is interesting, because there is I8 spectroscopic evidence of an 
Sin2 being formed at the surface. 
concentrations. 

Of course, there you have much higher 
That is what I was going to ask you about. 

CHADI: In fact, if you put water on the silicon (1001 you get both silicon 
hydrogen and silicon OH modes, you get the association. 
of work in I8 with oxygen, hydrogen and water on the silicon surfaces. 

There is a lot 

KAZltERSKI: We want to thank you very much, D.J. I will point c,t that this 
is an ideal case for the experimentalists, where D.J. won the Peter Hark 
Award and got $500 for his work, and I just saw that Benig and Bohr got 
the King Faisal Award at considerably more money, almost like a Nobel 
Prize. 

I 
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The use of s u r f a c e  analysis methods i n  the d e t x t i o n  and e v a l u a t i o n  of 
elemental  and impurity s p e c i e s  i n  S i  is presented. Examples are provided from 
p o l y c r y s t a l l i n e  S i  and high-eff ic iency MINP cells. Auger e l e c t r o n  spectroscopy 
and secondary ion FISSS spectrometry are csed t o  complement m i c r o e l e c t r i c a l  data  
obtained by electron-beam indcced-current measurements. A .iew method is d i s -  
cussed which u t i l i z e s  the volume indcxing of d i g i t a l  SIMS s i g n a l s ,  providing 
compositional information and impuri ty  maps on i n t e r n a l  m a t e r i a l s l d e v i c e  Cnter- 
faces .  

Impriri t ies c o n t r o l  t he  e l e c t r o - o p t i e . 1  p r o p e r t i e s  of semiconduc' o r s  and 
the ope ra t ing  l i f e t i m e  and performance of s o l i d - s t a t e  devices .  For such 
devices  ( inc lud ing  s o l a r  c e l l s ) ,  i t  is important t o  know not only t h e  l e v e l s  of 
such impur i t i e s ,  but a lsc  t h e i r  l o c a t i o n  3nd chemical state wi th in  the  hos t  
l a t t i ce .  h nurr.ber of compositional c k a r a c t e r i z a t i o n  techniques are a v a i l a b l e  
t o  perform these ana lyses ,  mostly based on a bulk o r  volume scale. Sur fa re  
a n a l y s i s  methods (1) - those that provide chemical and compositional informa- 
t i o n  on the topmost atomic layers of a s u r f a c e  - have enhanced r e sea rch  and 
prcblem-solving i n  the  semiconductor device area due t o  t h e i r  complementary 
a b i l i t i e s  t o  d e t e c t  impuri ty  (e lemextal ,  i o n i c ,  molecular) species, provide 
depth-compositional information (with ion-etching) , determine chemical bonding 
states, m p  impuri ty  l o c a l i z a t i o n s  on s u r f a c e s  o r  i n t e r f a c e s ,  and,  e v a l u a t e  
i n t e g r i t y  of i n t e r f a c e s .  The common su r face  a n a l y s i s  techniques are summarized 
i n  Table 1. From t h i s  information,  some of the s t r e n g t h s  and l i m i t a t i o n s  of 
the  techniques can be deduced. ?o r  example,  Auger e l e c t r o n  spectroscopy (AES) 
call provide e x c e l l e n t  E p a t i a l  r e s o l u t i o n  due t o  the  a b i l i t y  t o  focus the elec- 
t ron  input  probe. It  Lacks, however, the s e n s i t i v i t y  to  trace i m p u r i t i e s  which 
secondary ion mass spectrometry (SIMS) provides.  X-ray photoelectron spec t ro -  
scopy (XPS) complements these techniques i n  that i t  is  the most develo?ed and 
most r e l i a b l e  f o r  providiag chemical s ta te  information,  with rnininwm i n h e r e n t  
beam &mags. 

Th i s  paper foc.uses on the i n v e s t i g e t i o n  of i m p u r i t i e s  i n  b l l i c o n  solar 
cell 1, examining both s i n g l e - c r y s t a l  and p o l y c r y s t a l l i n e  types.  The a p p l i c a -  
t i o n s  of AES and SIMS t o  elemental  a n a l y s i s  i n  these  devices  are emphasized. 
Spesif  i c a i l y ,  the i n L e r r e l a t i a n s h i p s  among the chemistry and compositl on of 
g ra jne  and g r a i n  boundaries,  the e l e c t r o - o p t i c a l  p r o p e r t i e s  of the i n t e r g r a i n  
r c g i m s ,  and pho tovo l i a i c  ce l l  performance w i l l  be covered. The microelec- 
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AES EELS SIUS XPS 
Probe electron electron Ion (+, -) x-ray 
Delecter!Spech electron dectron Ion(+,-) .lecbm 

Spat&lResdutlon - s o O i  ~1 pm ' I F - 1 W  pm 

Depth Resolutlon 5 - 50 5 - 50 A r 3 A  s - s o l  

Detection SenrlIMty 0.1 at-% 0.1 al-9k 40.001 at-% 0.1 at-% 

t r i a l  c h a r a c t e r i z a t i o n  of s p e c i f i c  cell  regions is accomplished by e l ec t ron -  
beam-induced-current (EBIC; measurements, which provide in f  ormacion on t h e  
spatial  d i s t r i b u t i o n  of c u r r e n t  l o s ses .  Two impurity ~ C h a I i i s m s  are covered: 
(i) the  seg rega t ion  of oxygen (and o t h e r  i m p u r i t i e s )  t o  the  grzia boundaries 
d u r i q  hea t  t reatments  o r  high temperature processing of t h e  devices .  And, 
(ii) the  p a s s i v a t i o n  of the  g r a i n  boundaries by inco rpora t ion  of hydrogen i n  
t h e s e  regions.  This  hydrogen l o c a l i z a t i o n  is determined d i r e c t l y  and corre- 
l a t e d  with the  m i c r o e l e c t r i c a l  p r o p e i t i e s  of t hese  sane regions,  as w e l l  a s  
ce l l  perforinance. Of special i n t e r e s t  is the  i n t r o d u c t i o n  of a new method t o  
d e t e c t  and s p a t i a l l y - r e s o l v e  i m p u r i t i e s  and elemental  d i s t r i b u t i o n s  w i t h i n  
s o l i d - s t a t e  devices  using d ig i t a l ly -acqu i red  and indexed SIMS (2 ) .  This method 
permits t he  determinat ion of impuri ty  l o c a l i z a t i o n  or  d i s t r i b u t i o n s  on i n t e r n a l  
device i n t e r f a c e s ,  v i t h  f r a c t u r i n g  o r  otherwise exposing such areas. The 
a t i l i z a t i o n  of t h i s  method i n  p r o f i l i n g  higher  e f f i c i e n c y  S i  ce!'.s is exampled. 

UPS 
Unrauiokt 
ekctrm 
-W pm 

5 - s o l  

0.1 et-% 

XI. SBGBBGATION IN POLPCRYSTALL~ SILICON 

A t  the g r a i n  boundary, d i s l o c a t i o n s  and bonding a l t e r a t i o n s  make the  
material s t m c t u r a i i y  and poss ib ly  c h e a i c a l l y  d i f f e r e n t  than t h e  bulk material 
i n  the g r a i n s .  Thus the e l ec t rochemica l  p o t e n t i a l  i n  the g r a i n  boundary is 
gene ra l ly  d i f f e r e c t  than i n  tbe  g r a i n s .  This  pcj tent ia l  d i f f e r e n c e  provides  a 
d e p l e t i o n  region that can be the s i te  of minori ty  carrier recombination. The 
d i s r u p t i o n  can a l s o  provide a region f o r  t h e  l o c a l i z a t i o n  of i m p u r i t i e s ,  e i t h e r  
from segrega t ion  of i nhe ren t  s p e c i e s  o r  of purpcsely-placed ones The de-grega- 
t i o n  of impur i t i e s  t o  the  i n t e r g r a i n  regions has been demonstrated i n  cast and 
direct icnal ly-sol idif ied S i  (3).  AES and SIMS has been u t i l i z e d  i n  con junc t ion  
Ki th  f r a c t u r i n g  techniques t o  i d e n t i f y  impurity species on t h e  g r a i n  boundary 
planes.  Tht f r a c t u r i n g  process  provides a method f o r  t he  side-by-side a n a l y s i s  
of a region - as ind ica t ed  by t h e  AES data of Fig. 1, However, i nhe ren t  t o  
t h i s  process  is the  l o s s  of a l a r g e  po r t ion  of the g r a i n  boundary plane.  
because the e l e c t r o n  probe can be scanned very e f f e c t i v e l y ,  impurity maps can 
be produced i n  the course 3 f  such AES ( o r  SIMS) i n v e s t i g a t i o n s .  Such a mapping 
sequence is presented IU Fig. 2. The b e n e f i t  of t h i s  s eg rega t ion  process  is 
that the g r a i n  regions themselves k v e  s i g n i f i c a n t l y  higher  p u r i t y  - with asso- 
c i a t e d  improvement of t h e i r  e l e c t r o n i c  p r o p e r t i e s  and device s u i t a b i l i t y .  The 
g r a i n  boundary regions which ac t  as s i n k s  f o r  such i m p u r i t i e s  are p o t e n t i a l  
regions f o r  enhanced minori ty  carrier l o s s  or  impt.rity d i f f u s i o n  (shunt ing) ,  
but do not s i g n i f  i c a n t l y  degrade the ce l l  performance un le s s  impuri ty  con ten t  
i s  exceedingly high o r  the g r a i n  s f z e  is very small. 
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Silicon Grain Boundaries 

F f g .  3. EBIC linescans 
aeross Si grain bourrda- 
myes as a function of 
thermat processing. Heat 
treatments are f o r  30 min 
i n  clrgon atmosphere. 
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The electrical  a c t i v i t y  of some g r a i n  boundaries i n  po lyc rys - , l l i ne  S i  has 
been reported t o  be s t r o n g l y  a f f e c t e d  by hea t  t reatment  ( 3 , 4 ) .  E B I C  and compo- 
si t ional data f r o a  s u r f a c e  a n a l y s i s  measurements have be - n  used to correlate 
t h e  presences of oxygen a t  the  g r a i n  boundaries with thE iertrical a c t i v a t i o n  
of these regions.  The o r i g i n  of the oxygen and r e s u l t i n g  a c t i v i t y  of the g r a i n  
boundary is l i nked  t o  the  thermal h i s t o r y  of t he  sample of devices  (5). This 
is i l l u s t r a t e d  i n  the  EBIC data of Fig. 3 .  The junc t ion  i n  t h i s  case is formed 
by a n  MIS s t r u c t u r e  f a b r i c a t e d  on tne i n d i v i d u a l  g r a i n  boundary and a d j a c e n t  
g r a i n s  a t  temperatures below 100°C 1.1 orde r  t o  minimize a d d i t i o n a l  thermal 
e f f e c t s .  The E B I C  responses f o r  unheated, T = 500"C, and T = 6OO0C cases are 
very similar, I n d i c a t i n g  that t h i s  mild thermal processing has l i t t l e  e f f e c t  on 
t h e  boundary region. If  t he  temperature is increased,  t h e  EIIC responses  
inc rease  correspondingly,  i n d i c a t i n g  t h e  e lectr ical  a c t i v a t i o n  of t h e s e  
regions.  The c r i t i ca l  range f o r  t h i s  a c t i v a t i o n  is between 600"' and 65OOC. 
Heating beyond 900°C does not seem t o  f u r t h e r  a f f e c t  the E I I C  response,  u n l e s s  
r e c r y s t a l l i z a t i o n  occurs  near  the melt ing temperature.  The s l o p e  of t h e  
Ln(IEITC) VS. d i s t a n c e  curves relates t o  the  values  of g r a i n  boundary recombi- 
na t ion  .Jeloci ty  (S The e x i s t a n c e  
of oxygen a t  t h e  f!ain boundaries of annealed Si h s  %een demonstrated using 
f r a c t u r i n k  with SIMS. Figure 4 shows such data f o r  a n  unanea l l e  sample and 
one heated t o  75G°C. Inc reases  In t h e  oxide-signals (e.g., t he  S i J 4  peak) are 
apparent .  However, the f r a c t u r i n g  process  is d i f f i c u l t ,  and has less-than- 
d e s i r e d  r e p e a t a b i l i t y  and c o n t r o l .  

) and e f f e c t i v e  d i f f u s i o n  l e n g t h  (L f f )  (6). 
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The a b i l i t y  t o  r e l i a b l y  d e f e c t ,  map and quant i fy  elemental  or composi- 
tional information a t  regions wi th in  a s o l i d - s t a t e  device has been accomplished 
by the method i l l u s t r a t e d  i n  Fig. 5 .  I n  t h i s ,  s e l e c t e d  i o n  s i g n a l s  corre- 
sponding t o  elements o r  molecules of i n t e r e s t ,  are measured and s t o r e d  (indexed 
f o r  i n t -  v d t y ,  spatial loca t ion)  d c g i t a l l y  f o r  a n  incremental  volume encom- 
passing the region or i n t e r f a c e  under a n a l y s i s .  A computer can be used t o  
t r a c k  the  region of i n t e r e s t  (e.g., g r a i n  boundary plane)  by maximizing t h e  
presence of i q J r i t i e s  which are know. t o  e x i s t  i n  such regions.  Thus, t h e  
i n t e r n a l  i n t e r f a c e  can he exposed by s p a t i a l l y  transforming t h e  d e t e c t e d  
s i g n a l s  - even though t h e  s p u t t e r  profiling/SIMS opera t ion  is c a r r i e d  out  a t  
some angle  t o  t h i s  plane. This avoids  the l o s s  of information experienced i n  
t h e  f r a c t u r i n 5  technique. The da ta  can be coded f o r  ion type,  sptitial o r i g i n  
(<, Y, 5.) dnd concentrat ion l e v e l .  Addit ional ly ,  the  r e s u l t s  can be c o l o r  
coded €or ,lore e f f e c t i v e  presentat ion.  

i simple example, which u t i l i z e s  the  depth p r o f i l i n g  c a p a b i l i t i e s  of the  
t-chnique, is presented i n  Fig. 6 .  These data show the  c ross -sec t iona l  d i s t r i -  
5u t ion  of impur i t ies  i n  a high-efficiency Si MINP solar cell .  The device 
s t r u c t u r e  has a double l a y e r  (ZnS/MgF) a n t i - r e f l e c t i o n  coat ing.  A t h i n  Si- 
oxide layer (- 30 A )  covers the phoaphorous-diffused, boron-doped s u b s t r a t e .  
?he re levant  secondary ion spec ies  u t i l i z e d  in the  p r o f i l i n g  sequence desig-  
r a t e d  i n  Fig. 6. The expanded v i e w  of the  oxide-semiconductor region 
i l l u s t r a t e  the uniformity of the oxide i t se l f .  Because only a blacklwhite  
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This ana lys i s  does not de tec t  hydrogen d i r e c t l y ,  and assumes tha t  the hydrogen 
is indeed local ized there  and responsible f o r  the response. Figure 9 shoKs 
the  e f f e c t  of hydrogen treatment on a s p e c i f i c  g ra in  boundary. The EBIC 
response of Fig. Qa is f o r  a decrease s i g n i f i c a n t l y  with hydrogen treatment 
(Fig. 9b). Reheating t h i s  s a m e  boundary t o  900°C "restores" the  a c t i v e  
response, but the magnitude is decreased somewhat. A second hydrogen treatment 
passivates the region again,  with the response s l i g h t l y  less than a f t e r  the 
i n i t i a l  hydrogen processing. These data are complemented by the gra in  boundary 
barrier height vs. l i g h t  i r r a d i a t i o n  data of Fig. 10. The sequence is (a)  
unannealec! g ra in  boundary; (b) hydrogen-treated; (c) annealed, ?'loPC; (d) 
second hydrogen treatment; (e) annealed, 900°C; and, ( f )  t h i rd  hydrogen treat- 
ment. The barrier height is improved, and becomes less s e n s i t i v r  t o  l i g h t  
i n t ens i ty  a f t e r  the hydrogen passivation. I n  addi t ion ,  the b a r r i e r  height is 
observed to  decrease with each successive hydrogen processing . 
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The lircorporation of the hydrogen i n  the gra in  boundary and the re la t ion-  
ship between the hydrogen and oxygen concentrations i n  tb t  regLon are i l l u s -  
t r a t ed  i n  Figs. 11-15. Figure 11 presents conventional SIMS de th-composi- 
t i ona l  p ro f i l e s  of dro en, measured by the magnitude f the Sill3' peak (with 
a threshold of 1O18cmP i n  these f igures) .  The Siz8 peak is provided f o r  
reference. Figure lla, b and c represent data on similar gra in  boundaries 
hydrogen-processed f o r  1, 2 and 4 minutes. Figure 12 provides s i m i l a r  data 
taken on a gra in  boun ry (a) before and (b) a f t e r  hydrocen passivation. A 
general ly  constant Si0d&4 s igna l  is measured before the hydrogen processing. 
Since previous data have shown tb t  the heat treatment and cor-elated oxygen 
segregation is  primhrily responsible  f o r  the ac t iva t ion  of gra in  boundary elec- 
trical response, i t  is proposed tha t  t h e  hydrogen passivat ion is a r e s u l t  of 
the chemical i n t e r a c t i m  of the species  a t  the gra in  boundary plane. 

I I I 

Polycrystalline Si F i g .  8. Light current- 
voltage characterization 
for poZycrystallCne Si 
solar ce l l s :  (a )  as fabri- 
cated; f b )  i12-passivatecZ. 

pln Solar Cells 
5 -  
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(b) H -Passivated - 
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Fig. 9. EBIC linescans for  Si grain boundary: ( a )  annegled at 
900°C, for 30 min. in Ar: (b )  HZ-passivated, 4 min. 275 C; 
(e) reheated, T = 900°C, 3G min. in A?; and, (d) H2-passivated 
again. 

This in t e rac t ion  is i l l u s t r a t e d  i n  the SIMS area maps of Figs. (13-15). A 
compurer-processed SIMS map sequence of the in t e r sec t ion  of the g ra in  boundary 
with the m f e r  surface is presented i n  Fig. 13. The sample was i n i t i a l l y  
annealed t o  900*C, and the boundary contains  a high oxygen content.  Hydrowen 
decorat ion of the region l e  noted a f t e r  1 mln of the  passivat ion processing. 
Figure 13c shows almost complete hydrogen decoration a f t e r  2 mln of processing. 
Using the  technique t o  examine the gra in  boundary composition within plane 
described earlier i n  t h i s  paper, the penetrat ion cf the hydrogen down the 
boundary plane as a funct ion of processing time is evidenced i n  Fig. 14 f o r  
passivat ion treatments of 0.5, 1, 3, 4 and 6 minutes. The gra in  boundary was 
annealed i n i t i a l l y  t o  900°C. The r e l a t i v e l y  high i n i t i a l  heat treatment pro- 
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Fig. 10. Dependence of grain 
boundary barrier potential on 
l ight  irradiation level for  
unannealed grain boundary i n  
sequence of aZternute treat-  
ments simiZar t o  Fig. 9.  
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F i g .  11. SIX9 depth compositional prof i le  dom grain boundary for: (a )  1 
min; ( b )  2 min.; and (el 4 min. H2-passivation processed S i .  
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Depth (rum) 

F i g .  12.  SIMS depth compositional p r o f i l e  data for: ( a )  
annealed, 900°C, 30 min. i n  A r ;  and, ( b )  HZ-passivated 
processed S i  grain boundary. 
functi.on of depth uTter HZ-treatment. 

( b ' )  shows oxide leve l  a s  

v i d e s  f o r  a high oxygen con ten t  of t h e  boundary. The i n t e r a c t i o n  of t h e  
hydrogen with the  oxygen p resen t  a t  the  boundary is b e t t e r  i l l u s t r a t e d  i n  the 
g r a i n  boundary of Fig. 15. This sample had t ?en  annealed t o  75OoC befo re  the  
p a s s i v a t i o n  process ,  and the oxygen a t  t he  boundary is somewhat less than the 
previous case. The hydrogen inco rpora t ion  is observed t o  be enhanced i n  those  
regions that i n i t i a l l y  are oxidized. The exact chemistry of t h i s  process  is 
not  known. Methods similar t o  the s p e c i a l i z e d  SIMS technique are c u r r e n t l y  
being developed (e.g., d i g i t a l l y - r e s o l v e d  EELS) i n  order  t o  i n v e s t i g a t e  the  
chemical i c t e r a c t i o n  of the  s p e c i e s  i n - s i t u ,  during the  t r ea tmen t s  
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DISCUSSION 

LOFBRSKI: T m r d  the surface part of the Green cell, it's certainly II little 
bit astonishing, isn't it, that the phosphorus concentration is decre8s- 
iag as you go toward the surface? Is that what you really meant or did 
you say it backwards? 

KAZBl8pSKS: I think that in most SIUS data you will see a alight decrease in 
the signal right toward the surface. 
phorus region we showed there is only about 2000 A .  

The whole thickness of the phos- 

LOFllllsKI: And how about the thickness of the oxide region? M a t  did you say 
it was, greater than 20 A? 

IlbMBRSKI: Well it should be about 20 A but if you look there, it looks like 
the data is spread out and it looks more like 50 or 60 A.  

I.OpBctsI(I: So it is 50 or 60 A ,  is what you would estimate? 

KAZHEESKI: Yes, I am sure it is about 50 or 60 A .  

LOFBRSKI: But you are saying that as you go toward the surface, even in an 
ordinary cell, if you did it with this volume indexing, you would find a 
decrease in the phosphorus concentration? 

KAZHERSKI: Yes. I think so. Yo** are seein about 500 A ,  that region that 
it decreases from 2020 down to lo1* cm- f . 

LOFBRSKI: Yesterday Larry Olsen was showing some comparisons of a spreading 
resistance measurement profile and a S I B  profile, and there is a signif- 
icant differace in the way tney look. You mentiorted being careful about 
using SUB profiling because of the damage it does. 
spreading resistance with a SILIS profile, which you would reconmend as 
the more 1iLely one to be correct? 

If you compare a 

KAZKBRSKl: It depends on whet you are looking for. Certainly one wouldn't 
want to measure resistance using SUB, but for a pure representation of 
the profile, if the SI= i o  done correctly, X'd would go with the SICIS. 

LOPERSKI: I guess that actuallj his profile did show a drop-off at the surface 
too, as I recall. 

LlItSTllbl: The E A  SI= profile showed it going up all the wag to the surface. 

To change the subject on you, you mentioned in term of your SXH3 resolu- 
tion that you could resolve mes peaks tor different species which had 
the same mass-to-charge. ratio, for exallL)le, 31, phosphorus, and khree 
ailieos species, and quite frankly I e n  quite curious as to how that is 
done and rhetber you care to corPlseat. on it. 

42MBRSlfI: You man how tc  tesclva it? 



1 
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MILS'lgUI: Well, if you had the sane Charge-tt+~SS ratio, and going through 
something like a quadripole mass analyzer. 

! 

i 

! 

KAZUEUSKI: It*s not a quadripole. phis is a magnetic eector. You would 

It is done with a w n e t i c  sector and this is all done on tbe 
never be able to do it in a quadripole. 
tion. 
Cemaca system. 
50,000. 
mass resolotion with a quadripole. OD a quadtipole it would look jost 
like one peak. 
resolution even drops off as a function of the time to mass, and same- 
times you get an overlapping of two masses. 

You just have the MSS separa- 

So you have yoor aass resolotion as something like 
It is not a goadripole. 

In fact, on some quadripoles that we have seen, the mass 

You would never be able to get that 

CWBBLL: Rave you looked at the hydrogen distribution as a function of depth 
in any single-crystal ailicon? 

KAZMEaSKI: We looked at -- not really in ringle-crystal -- we looked at the 
grain regions in the silicon material here too, you know in the adjacent 
grain, an& di& not see any penetration. AB a matter of fact, what we saw 
was some interaction with the oxide that aight have been present right on 
the surface, bat not a penetration into the grains. 

CAYPBgLL: There was some indication at the last W S C  that there was a bulk 
effect with hydrogen passivation. 

KAZHEBSKI: Yea .  I heard that too, and we talked to the people and I think 
the penetratioa on the grains was not significant. 

! 
I[BbMIKY: I wanted to ask about the low-temperature-annealed samples that have 

What was their thermal history before they snactivated grain boundaries. 
were annealed? 

KAZMERSKI: I should go oack. What we are doing is lookiog at one grain 
boandary of an unannealed saaiple. 
active grain boundaries also in that sample. We selected one that was 
not active to besin with. Its thermal histcry was that this was a 
directionally solidified sample with a grain size of about one-half to 
three-quarters of a centimeter th8t hod not seen any processfag before- 
hand, forming the junction for EBIC wes done by a low-temperature oxide-- 
tion at abaut 100°C. So that is the highest temperature the device had 
seen before any electrical ateasiirements were taken. 

It doesn't w a n  that there weren*t 

KBAvIQgy: Do you know how quickly it was cooled from the melt? 

MZHERSKI: No. 

KBAVIYEY: R o w  quickly was the temperature cooled from the samples that were 
annealed at 9OO0C4 

lUMgaSK1: The annealing procedure was to remove them from the annealing fur- 
nace and they were probably cooled over one-half hour or so. 

I 

RAI-CHOUDHURY: You mentioned hydrogen passivating defects; apparently oxyy;en 
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is active In it. I have ttm questias: Did you look at this defect by 
DLTS as to what kind of defect level it is? The other quest.iou is: Do 
yoa feel that oxygen was present in a precipitated fore, rather than a 
single plot defect, for it to be activated or deactivated? Can you make 
any c m n t s  on those? 

U n r i l a s K I :  The first one: We did not do any DLTS on those things so I trave 
no idea. 
polycrystalline roterial -- it is not a very satisfying eeasurmnt. 
really have to spend a lot of time, so when the people attempted to do 
s m  DLrs, it looked like it was very difficult to identify any levels. 
I YI sorrye I eissed your second question. 

I think that the people at SBPI who had been doing DLTS on this 
You 

RAI-cI(ouM1uRY: I have a lot of concern about oxygen, what it is doing to 
silicon, Czochralski silicon, and so focth. Does the oxmen, for it to 
be passivated by hydrogen -- it seeaed like it should be present as it 
precipitated -- or can it react with hydroten if it is present in the 
point defect without a cluster, without a precipitation? 

KAZBEIBKI:  I really can't answer that, but I see no reason why not, if you 

The hydrogen seems to 
look at the hydrogen and see there are also s- point defects and other 
defects in there which a+e decorated by oxygen. 
passivate those too, so I guess that would be true. 

By the way, something in here, even chough we see the hydrogrn going down 
the grain boundary, thera is still oxygen in the background. 
like the orygea is comiry off, when the hydrogen goes the oxygen is 
leawing. 

It is not 

There still is oxygen present. 

11111: If I may make a capaent. Normally oxygen in silicon is not electrically 

Where is this 
active. Very difficult to pick up any level by the DLTS. 
really. that we simply don't know what we are passivating. 
hydrogen? 
whether they are related to oxygen or not - 
can be settled at this moment. 

So I believe, 

And the final thing is to say same form of dangling bond -. 
I don't think that question 

UAZMBRSILI: I think that all we can do is say, there is the existence of 
oxygen and hydrogen, and there is some interaction between the two 
species. 

WLF: You answered only one part of my question, namely, the oxygen is still 
there until the hydrogen coaes, but as you showed, as you increase the 
annealing temperature, more and more oxygen appears. Mow where does it 
e m  from? Is it just activated so it becomes visible, or does it dif- 
fuse there from the outside, fram the atetosphere, like the hydrogen comes 
in from the outside, or does it came out of the crystal? 

IuMgRSKI: Well, presumably, it comes from thc crystal. The annealing has 
been done in vacuum and it has been done in argon, it has been done in 
nitrogen, in a controlled atmosphere, so it is doubtful that it is caning 
from outside, and we presume thet it is coming from tte inside. 
again, the leval here is about 1017 c K 3  of oxygen. 

Once 
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VOW: Which is probably an order of magnitude lees than what you would expect 
to be present in Czoehralski, if it is a Ce type crystal. 

KAZMERSKI: 

WLF: 

Or an order of magnitude -re. 

You expect around IOL8 CQ - ~  usually, don't you? 

KAZMERSKI: f guess, at least in these data, the bulk data shows about 
1016 em-3. 

VOW: Another cosrent I want to make is with respect to the Green cell. It 
seeas jour cross section was done not under the metal contact, but in 
between the contacts, and there should be about 100 to 200 A of oxide, 
not 20 &. 
20 A are only under the contacts. 

There is a thicker oxide between the contacts normally. The 

KAZHBAEKI: These data might be correct bat the surface was thicker than 
20 8. I said amre like 60 A .  

WW: Yes. That is what you said. 

OLSEll: I think it is between 50 and 100 A ,  is where he is using now. 
Between the contacts. That is what I was going to say. 

MZLIBBSKI: Well, then the data night be OK. 

OLSEB: I have ancther question. 
fluoride? Is that the correct order? Is zinc sulfide on top? It is 
usually the other way around. 

Was that a zinc sulfide and magnesium 

W K A :  What is your sensitivity for oxygen? Isn't it around the lou 
At least that is what I hear from Evans who does SILIS, 1017 cN3? 

out on the West Coast. 

WYFRSKI : It is 1016 cm-3. 

ftblloKA: So yorro is better than that, then. Second question: When you do 
this volume imaging. you showed a picture of year sputtering, basically a 
perfect parallel pipe, and in fact when you sputter your volume isn't it 
61 thing where your sides slope? 
also a function o f  material when you are sputtering? 

And isn't that sputter in that shape 

KAZMBRSKI: What I am doing is only coliecting the data from that rectangle. 
The sputtering may be more than that but the data are only being recorded 
ftae that rectansle. 

WOM: SI,  you are picking your rectangle wittin the sputter volume. 

MwEgBSKI: That is correct. 

QUKSTION: I wanted to go back to Joe Loferski's question on the profile. 
indicated that the concentration of the phoephorus fell off near the 
surface, but I didn't understand whether that wes an artifact of the 

You 
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measursment or whether you think that that is, in fact, what is happening 
to the profile. 

t 

WUtYERSI(1: I think that is what is happening to the profile. Right near, 
within SO0 A of the surface, it drops off a little and then comes up 
and then goes down. 

6160: It seems to me that when the hydrogen passivates, not all grain bound- 
aries are passivated equally. 
these grain boundaries? Which kind of grain boundaries get deactivated 
with the hydrogen and which don't? 

Mor, do you have a characterization of 

KAZMBRSKI: We have seen that same thing. The only data I have showed you 
here is to be able to represent the volume indexing and attrition, b-t I 
think that is true that the grain boundaries are being affected differ- 
ently. In fact, the only g i a k  madeties we are working with here are 
medium-angle grain boundaries, and I should point tbpt out too. 
about a 28 or 30 degree laismatch between the <111> angles and the two 
grains. So that it could very well be that t&e srxcture of those grain 
boundaries is different, if you go to low-angle grain bouodaries or even 
to higher-&ogle grain boundaries which will have diffnrent electrical 
properties. 

There is 

RAO: Another question, which has to do with Martin Wolf's question. As you 
go away from the grain boundary do you find a concentration gradient of 
the oxygen, can we see it? 

KAZUEaSKI: Yes. You can do the same sort of thing. As you go away from the 
boundary itself you can see the decrease in oxygen concentration. 

BM): So can gou calculate the diffusion coefficient and see if it matches up 
with the bulk diffusion coefficient of oxygen in silicon? 

RAWIBRSKI: You could do that. I never thought of that but you could do that. 

GBUISTHMIER: M n n  I have looked at silicon oxide structures that have seen ion 
beams, whether those ion beams be argon systems or they b6 cesium systems, 
there is substantial generation of intermediate oxidation states from 
silicon sputtering mixing. #ow, in the data you are showing here, in 
these grain boundaries in the oxygen and hydrogen passivation, they are 
quite clearly being taken on the same sampl- in the same general area 
where you are then exposing the system subsequently to the hydrogen. Now 
my question is, to what extent do you expect there is a degree of activa- 
tion of the ion beam interactions with the oxygen going on to the subse- 
quent decoration that you are seeing with the hydrogen, since presumably 
yo*) are doing this in a static mode? 

KAZMERSKI: First of all, each one of those hydrogen cases is for a separate 
sample of a grain boundary that has been cut and divided so the hydrogen 
passivation was done separately on each one. 
boundary in tha* case. 
ferent structures. As a matter of fact, when the carbon that is present 
at some of the regions are not the same grain boundary itself, it is a 

So it  is not the g a m e  grain 
You can see if you look at it that there are dif- 
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sequence of six grain boundaries that are cot in sequence going across. 
They are in the same grain boundary length but the grain boundary is cut 
into sir adjacent pieces. 
not passivated. And then measure, because as soon as you measure it you 
are done with that sample. 

It is not the same region each time. So it is 
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Nit r ida t ion  of Si02 f o r  Surface Paselvation 

Stefan K-C L a i  
I n t e l  Corp., 3065 hwers Ave., 

Santa Clara, CA 95051 

I. INTRODUCTION 

Thermal s i l i c o n  dioxide has been one of t he  most important i n su la to r  fo r  
t he  present  microelectronic  technology. Not only is i t  an almost per fec t  
i n su la to r ,  i ts  i n t e r f a c e  with s i l i c o n  is  very c lose  t o  idea l ,  g iving the 
lowest dens i ty  of e l e c t r i c a l l y  accive i n t e r f a c e  t raps .  Active t r a n s i s t o r s  can 
only be fabr ica ted  successfu l ly  because of the  low dens i ty  of e l e c t r o n i c  
t raps .  Furthermore, the low dens i ty  of i n t e r f a c e  t r aps  a l s o  provides an i d e a l  
passivat ion for the  s i l i c o n  surface e l e c t r i c a l l y .  

S i l icon  dioxide,  however, is not  perfect .  The oxide network is ac tua l ly  a 
very porous network, allowing the d i f fus ion  of gaseous species  through i t ,  
espec ia l ly  a t  e levated temperatures. This can change the  electrical  and thus 
the  pass iva t icn  proper t ies  of the oxide. Also, the  oxide network can be very 
e a s i l y  damaged by energt A c  p a r t i c l e s  and high energy rad ia t ion .  This damage 
gives  rise t o  an increased dens i ty  of e l e c t r o n i c  states, both i n  the bulk of 
the  oxide and a t  the  s i l i con-s i l icon  dioxide in te r face .  The sum of the  above 
e f f e c t s  is a long term degradation of t he  oxide and i t s  in t e r f ace  with 
s i l i c o n ,  e spec ia l ly  i n  the space environment. 

Besides the  above f ac to r s ,  there  is a t h i r d  f ac to r  t h a t  provides the 
dr iv ing  force i n  the  search f o r  a b e t t e r  i n su la to r :  the  defec t  dens i ty  of 
a i l i c o n  dioxide increases  with decreasing oxide thicknesses.  With the sca l ing  
of device dimensions i n  the  quest  fo r  the  highest  packing dens i ty  i n  
in tegra ted  c i x u i t s ,  the  v e r t i c a l  dimensions a r e  a l s o  scaled.  It is expected 
t h a t  lOnm oxides w i l l  be used extensively i n  half  micron devices by the  end of 
t h i s  decade. The y i e ld  and r e l i a b i l i t y  of the  present oxide s y s t e m  may not  be 
ab le  t o  s a t i s f y  the requirement. 

It was under these condi t ions t h a t  I t o  e t  a 1  set out  t o  develop a b e t t e r  
insu la tor  f o r  s i l i con .  They f i r s t  reported the  d i r e c t  n i t r i d a t i o n  process t o  
form a thermal n i t r i d e  (1). However, ouch processes requi re  very high 
teu.peratures and long process times. The n i t r i d e s  formed were only of l imited 
thicknesses (up t o  5nm) and r i c h  i n  oxygen (1,2). The f i lms  obtained are 
believed t o  be bas i ca l ly  oxyni t r ide layers .  Next, they reported on the  
n i t r i d a t i o n  of s i l i c o n  dioxide,  which is the subjec t  of t h i s  paper ( 3 , 4 ) .  

11. NITRIDATION OF SILICON DIOXIDE 

Experiments on the n i t r i d a t i o n  of s i l i c o n  dioxide has been reported many 
times i n  the l i t e r a t u r e  ( 5 ) .  I t o  e t  a1 f i r s t  reported the thermal n i t r i d a t i o n  
of s i l i  :on dioxide ?n ammonia (3). They reported tha t  n i t r i d a t i o n  retarded the 
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destructive breakdown of silicon dioxide films (4). They explained the effect 
by the fact that the current through the oxide was much more uniform. They had 
also reported in detail the MOS characteristics of silicon dioxide nitrided 
under different conditions (6). Since then, it has been reported that nitrided 
oxide was effective in reducing the diffusion of boron through the dielectric, 
compared to the case of pure oxide (7). Terry et a1 reported on the radiation 
effects in nitrided oxide (8). They observed that there was very Lrtle 
generation of interface traps after radiation damage. 

There have also been many papers published on the material charac- 
terization of the nitrided oxide (5). The common observation was that after 
nitridation, the dielectric was a very effective barrier to the diffusion of 
oxygen and water: it demonstrated very high oxidation resistance. This is 
consistent with the observation that it is an effective boron diffusion 
barrier. Auger experiments showed that there was a build up of nitrogen close 
to the silicon-silicon dioxide interface, resulting in a layer that was 
difficult to etch chemically and was probably the major barrier layer (9). 
Recently, more detail XPS (X-ray Photoelectron Spectroscopy) experiments 
showed that the nitrogen layer was located at a small distance (2.5nm) away 
from the interface (10). In general, the results were not completely 
consistent, which was probably due to the fact the process control was very 
difficult. Trace amount of oxygen or other impurities can change the reaction 
kinetics. The process history of the film may also affect the material 
characteristics. 

In the present paper, an attempt will be made t o  relate the electrical 
properties of the film to the process history. A model is proposed to explain 
some of the observed results. It will be shown that with our present knowledge 
of the dielectric, it shows a lot of promise for its use in surface 
passivation, both for its resistance to impurity diffusion and for its 
resistance to radiation damage effects. 

III. ELECTRON TRAPPING 

Electron trapping can be used as a sensitive probe to the impuritier and 
defects in silicon dioxide or related insulators and their interfaces with 
silicon. Generally, electron traps can be divided into two categories: 
intrinsic traps and high field generated traps (11). Intrinsic traps are traps 
that are present in the oxide after processing, either as impurities such as 
arsenic (12) or water related centers (13), or due to high energy processing 
such as plasma etching (14). The plasma or other high energy radiation give 
rise t o  hole trapping close :o the interface and neutral electron traps in the 
bulk of the oxide. The electron traps can be filled by low field electron 
trapping experiments, most conveniently the injection of electrons by RF 
avalanche processes in silicon (13). Each kind of electron traps have their 
characteristic capture cross secticn which can act as a signature to their 
origin (11). The trapping process also follows classical trapping kinetics: 
the traps are fflled over time, and the flatband voltage shift due to electron 
trapping will saturate. 

P 
\ 

When an oxide is subjected t high current and high electric field under 
the Fowler Nordheim tunneling condition, additional electron traps are 
actually generated by the process (15). In this case, the flatband voltage 
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does not s a t u r a t e  but w i l l  continu t o  increase with increas in  e l ec t ron  
f luence,  u n t i l  f i n a l  breakdown due t o  the  bui ld  up of a very high i n t e r n a l  
electric f i e l d  due t o  the high dens i ty  of trapped e l ec t ron  (16). The high 
f i e l d  t r a p  generation process is very similar t o  rad ia t ion  damage. They both 
give rise t o  pos i t i ve  charge e t  the  i n t e r f a c e  and the  i n t e r f a c e  t r aps  i n  both 
cases show a Charac te r i s t ic  peak above midgap c lose  t o  the conduction band 
(17). An increase i n  e l ec t ron  traps is observed i n  the  bulk of the  oxide, 
similar t o  the  generat ion of neu t r a l  t r a p s  (11). 

The change i n  the dens i ty  of low f i e l d  e l ec t ron  t r aps  a f t e r  the 
n i t r i d a t i o n  process was s tudied (18). In  the  experiment, oxide3 were annealed 
in ammonia a t  d i f f e r e n t  temperatures f o r  d i f f e r e n t  times, w i t '  the  r e s u l t s  fo r  
oue temperature shown i n  Figure 1. It can be seen a f t e r  the n i t r i d a t i o n  
process,  there  was a large increase i n  e l ec t ron  trapping a t  low e l ec t ron  
fluence.  When the trapping curves were analyzed, i t  w a s  concluded t h a t  the 
i n c  ase i n  rrzpping was due t o  an e l ec t ron  t r a p  with capture  c ross  sec t ion  of 

cm2. Ni t r ida t ion  a t  higher temperatures and longer times gave the  same 
e l ec t ron  t r a p  with the same capture c ross  sect ion.  However, the  sa tu ra t ion  
dens i ty  was s l i g h t l y  d i f f e r e n t ,  with s l i g h t  increases  f o r  higher temperatures 
and l m g e r  times. This e l ec t ron  t r a p  has been iden t i f i ed  as due t o  OH centers  
i n  the  oxide. This was confirmed when i t  Mas shown t h a t  from inf ra red  
absorption spectroscopy, an increase i n  dens i ty  of OE bonds similar i n  dens i ty  
t o  the e l ec t ron  t r aps  was observed. I t  was postulated t h a t  i n  the  n i t r i d a t i o n  
reac t ion ,  oxygen might be released from the oxide and reacted with the 
hydrogen i t i  ammonia t o  give rise t o  the  OH bonds. 

The t rapping process under high electric f i e l d  f o r  Fowler Nordheim 
tunneling i n  thfn  d i e l e c t r i c  was then studied. The experiment involved the 
passing of co .> tan t  current  through t h e  d i e l e c t r i c .  Any e l ec t ron  trapping 
would increase the  voltage required for  the same currerrt. Thus, the  change i n  
gate voltage is a measure of e l ec t ron  trapping. The t rapping curve f o r  the 
oxide i n  Figure 2 is c h a r a c t e r i s t i c  of high f ie l .3  t rapping process: there  was 
an I n i t i a l  decrease i n  ga te  vol tage due t o  the generation of holes ,  which 
ac tua l ly  enhanced the in j ec t ion  of e lec t ron .  After  about ten seconds, the 
curve changed i n  d i r ec t ion  and there  was a continuous increase i n  voltage 
s h i f t  due t o  the  generation of add i t iona l  e l ec t ron  t raps .  This i s  t o  be 
contrasted with the  classical p i c tu re  where the  curve would s a t u r a t e  when a l l  
t he  t r aps  are f i l l e d .  For the n i t r ided  oxide (NO), there  was l i t t l e  o r  no hole 
t rapping and the increase i n  e l ec t ron  t rapping was f a s t e r  compared t o  an 
oxide. The d i e l e c t r i c  ac tua l ly  broke down i n  a sho r t  t i m e  because of the  high 
i n t e r n a l  f i e l d .  The t h i r d  sample ca l led  ON0 (oxidized n i t r ided  oxide) showed 
l i t t l e  hole trap;>ing as wel l  as l i t t l e  e l ec t ron  trapping. Electrically,  t h i s  
seems t o  be the most s t a b l e  d i e l e c t r i c  f o r  the three studied. The lack  of 
e l ec t ron  t rapping i n  O N 0  was confirmed w h y  i t  was shown t h a t  there  was no 
w ndow c los ing  a f t e r  extended cycles  i n  E PROMS (19). Other experiments i n  
E PROM had shown tha t  there  was hardly any hole  trapping f o r  ONO. 1 

T' 
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The proper t ies  of t he  d i e l e c t r i c s  were s tudied fu r the r  by subjec t ing  the 
eamples t o  high temperature anneal i n  an i n e r t  atmosphere (Nitrogen). The 
r e s u l t s  were shown i n  Figure 3. For the  oxide, t'ie t rapping process was 
increased s l i g h t l y ,  but with the same c h a r a c t e r i s t i c  features .  The most 
dramatic change was observed i n  the n i t r ided  oxide (NO). The dens i ty  of 
e l ec t ron  traps was reduced t o  very low l e v e l s ,  similar t o  ON0 before anneal. 
For ONO, there  was a c t u a l l y  a s l i g h t  increase i n  trapping. 
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The above r e s u l t s  is f o r  a given n i t r i d a t i o n  condi t ion.  When t h e  
n i t r i d a t i o n  time is reduced by h a l f ,  d i f f e r e n t  r e s u l t s  were obtained. For NO, 
the i n i t i a l  e l e c t r o n  t r a p p i n g  was reduced. On t h e  o t h e r  hand, a f t e r  t h e  high 
temperature anneal ,  t h e  e l e c t r o n  t r a p p i n g  was only p a r t i a l l y  reduced. The 
r e s u l t s  seemed t o  i n d i c a t e  t h a t  t h e  d i e l e c t r i c  is a mix between oxide and 
n i t r i d e d  oxide. It is very important t o  r e a l i z e  t h a t  d i f f e r e n t  process  
cond i t ions  a f f e c t  t h e  t r app ing  p i o p e r t i e s  s i g n i f i c a n t l y .  The degree of 
n i t r i d a t i o n  i n i t i a l l y  and t h e  pos t  n i t r i d a t i o n  thermal c y c l e  both char.& '. t h e  
d i e l e c t r i c  c h a r a c t e r i s t i c .  Furthermore, t h e  n i t r i d a t i o n  cond i t ions  used i n  t h e  
p re sen t  experiments are t y p i c a l l y  much more g e n t l e  compared to  those r epor t ed  
i n  l i t e r a t u r e  because t h e  f i l m s  were intended t o  be used i n  state of  t h e  art 
VLSI processes.  D i f f e r e n t  r e s u l t s  may be obtained f o r  those h e a v i l y  n i t r i d e d  
f i lms.  

To understand t h e  experiments b e t t e r ,  q u a s i - s t a t i c  capac i t ance  curves 
(QCV) were obtained f o r  t he  samples be fo re  and a f t e r  d i f f e r e n t  amount of 
e l e c t r o n  fluence.  Any i n t e r f a c e  L - q ~  gene ra t ion  w i l l  g ive  d i s t o r t i o n  in t h e  
QCV curves while  bulk t r app ing  w i l l  g1.e h o r i z o n t a l  s h i f t  i n  t h e  cuxves. The 
i n t e r f a c e  t r a p  gene ra t ion  p rocess  was very similar t o  t h e  bulk e l e c t r o n  
t r app ing  process. The r e s u l c s  are shown i n  Figure 4. For an oxide,  a f t e ;  t h e  
high e l e c t r o n  f luence ,  t h e r e  was i n c r e a s i n g  d i s t o r t i o n  i n  t h e  QCV curve. There 
w a s  a l s o  a c h a r a c t e r i s t i c  s t r u c t u r e  i n  t h e  curve which was due t o  an i n t e r f a c e  
t r a p  peak. Similar  peaks were observed i n  oxides  damaged by r a d i a t i o n .  This 
s t r o n g l y  l i n k s  t h e  p re sen t  high f i e l d  damage p rocess  t o  t h e  r a d i a t i o n  damage 
process.  For t he  unannealed NO, l i t t l e  o r  no d i s t o r t i o n  i n  t h e  QCV curve was 
observed. In s t ead ,  an almost paral le l  s h i f t  i n  t h e  curve was observed. It can 
then be concluded t h a t  t h e r e  wab no gene ra t ion  of i n t e r f a c e  t raps ,  and t h e r e  
was high d e n s i t y  of e l e c t r o n  t r a p s  i n  the  bulk of t h e  d i e l e c t r f c .  F i n a l l y ,  f o r  
ON0 and a l s o  annealed2N0, t h e r e  was l i t t l e  of no change i n  t h e  CV curves a f t e r  
up t o  two coulombs/cm . 
IV. MODEL 

The above r e s u l t s  can be explained by a very s imple model. For an oxide,  
t h e  e l e c t r o n  t r app ing  w a s  due t o  high f i e l d  generated t r a p s .  For t h e  n i t r i d e d  
oxide wi th  no anneal ,  t h e r e  was more e l e c t r o n  t r app ing  which can be explained 
by t h e  i n c r e a s e  i n  OH c e n t e r s  shown i n  F i g u r e  1. The only q u e s t i o n  is: what 
happened i n  t h e  case of ONO? The effect can be explained by assuming t h a t  
a f t e r  n i t r i d a t i o n ,  t h e  d e n s i t y  of high f i e l d  generated t r a p s  were reduced t o  
very low *evels.  This  is supported by t h e  r e s u l t s  of t h e  QCV experiment: t h e r e  
was no gene ra t ion  of i n t e r f a c e  t r a p s ,  which are r e l a t e d  t o  high f i e l d  
generated t r a p s  i n  t h e  bulk of t h e  oxide.  Then, f o r  ONO, t h e  extra anneal  
reduces t h e  d e n s i t y  of OH t o  very low l e v e l s .  Thlu r educ t ion  a f t e r  anneal  has  
been r epor t ed  before  (20). With no OH s i t e s  and no high f i e l d  generated t r a p s ,  
t h e r e  is very l i t t l e  e l e c t r o n  t rapping.  Oxygen i s  no t  r equ i r ed  t o  reduce t h e  
d e n s i t y  of  e l e c t r o n  t r a p s .  When t h e  n i t r i d e d  oxide was annealed i n  n i t r o g e n ,  
t h e  lowest d e n s i t y  cf  e l e c t r o n  t r a p s  were obtained. 

For a pure oxide,  t h e  high temperature anneal  a c t u a l l y  has  an oppos i t e  
e f f e c t  on t rap generat ion.  Such an anneal  has  been shown t o  i n c r e a s e  p o s i t i v e  
charge t r app ing  and i n t e r f a c e  t r ap  gene ra t ion  a f t e r  r a d i a t i o n  damage (21) .  In 
Figure 3, t h e  high f i e l d  t r a p  gene ra t ion  i n  oxide was increased a f t e r  t h e  high 
temperature anneal.  For ONO, t h e  o x i d a t i o n  could have increased t h e  oxide 
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p r o p e r t i e s  such t h a t  af ter  e.nnea1, t h e  rate of e l e c t r o n  t rapping  was a l s o  
increased. 

The B a m e  model can be used t o  expla in  t h e  observa t ion  a t  the  
s i l i c o n - d i e l e c t r i c  i n t e r f a c e .  The n i t r i d a t i o n  process  changes the  i n t e r f a c e  
such t h a t  i t  is no longer s u s c e p t i b l e  t o  high fie1.d damage. Recently,  t h e  
d e t a i l  of t h e  i n t e r f a c e  damage process  a t  t h e  i n t e r f a c e  was s tudied  (22) .  It 
was shown t h a t  the c h a r a c t e r i s t i c  i n t e r f a c e  peak was n o t  generated when holes  
were f i r s t  trapped a t  t h e  i n t e r f a c e .  Only when an  e l e c t r o n  was captured by t h e  
hole  t h a t  t h e  i n t e r f a c e  t r a p  peak was observed. A model based on s t r a i n e d  
bonds a t  the  i n t e r f a c e  was used s a t i s f a c t o r i l y  t c  e x p l a i n  t h e  observat ion.  It 
was a l s o  proposed t h a t  t h e  model can be used t o  e x p l a i n  r a d i a t i o n  damage and 
n e u t r a l  t r a p  genera t ion  i n  t h e  bulk of t h e  oxide. From t h e  present  
experimental  r e s u l t s ,  t h e  high fictld t r a p  genera t ion  process  can a l s o  be 
explained by t h e  s a a e  model. I n  t h e  s imples t  term, t h e  damage process  under 
high electric f i e l d  and high energy r a d i a t i o n  have similar o r i g i n .  

The present  r e s u l t s  thus  show t h a t  n i t r i d a t i o n  modifies the oxide network 
i n  a major way. It can be pos tu la ted  t h a t  t h e  n i t rogen  may go in and replace 
".e s t r a i n e d  bonds s e l e c t i v e l y ,  forming a s i l i c o n - n i t r o g e n  s t r u c t u r e  which may 
be much more s t a b l e .  Possibly,  t h e  bonds are no longer "s t ra ined" and when 
h o l e s  a r e  captured a t  t h e  sites, t h e  bonds do not  go through a r e l a x a t i o n  
process.  On capture  of e l e c t r o n s ,  t h e  bond? w i l l  r e t u r n  t o  t h e i r  o r i g i n a l  
state and no permanent damage s t a t e s  are generated. 

For samples which were not  n i t r i d e d  f o r  as long a time, t h e r e  w i i l  be a 
lower d e n s i t y  of OH traps. Also, t h e  reduct ion of s t r a i n e d  bonds by 
n i t r i d a t i o n  w i l l  a l s o  be l imited.  After  t h e  OH sites are reduced by an anneal  
process ,  t h e  remaining s t r a i n e d  bonds can give r ise  t o  s i g n i f i c a n t  e l ec tLm 
t rapping  under high f i e l d  condi t ions.  

The reduct ion  of OH bonds through anneal is b a s i c a l l y  a d i f f u s i o n  
process. The th ickness  of oxlde and t h e  annealed temperature thus p l a y  a very 
important p a r t  i n  determining t h e  f i n a l  d e n s i t y  of OH sites i n  t h e  d i e l e c t r i c .  
The above experiments were c a r r i e d  out $n oxides i n  t h e  lOnm range because the  
dielectric was intended t o  be t s e d  i n  E PROMS. I n  t h i s  th ickness  range, i t  was 
shown above t h a t  i t  is p o s s i b l e  t o  reduce t h e  OH sites t o  very low l e v e l s .  
However, i t  is a l s o  important t o  remember t h a t  after t h e  n i t r i d a t i o n  process ,  
the  d i e l e c t r i c  is a very e f f e c t i v e  d i f f u s i o n  b a r r i e r .  It would not  be 
s u r p r i s i n g  t h a t  f o r  t h i c k e r  n i t r i d e d  oxide,  i t  would be much more d i f f i c u l t  t o  
reduce t h e  OH s i teu ,  g iv ing  r ise t o  a high d e n s i t y  of bulk e l e c t r o n  t r a p s .  
This may expla in  some of t h e  inconsis tency t h a t  may have been observed. 

V. DISCUSSION 

There are two p r o p e r t i e s  of t h e  n i t r i d e d  oxide discussed above t h a t  make 
i t  promising as a new dielectr ic  f o r  sur face  pass iva t ion .  F i r s t l y ,  t h e  
d i e l e c t r i c  is a very good d i f f u s i o n  b a r r i e r .  It g ives  the  s u r f a c e  much b e t t e r  
p r o t e c t i o n  t o  the  p o s s i b i l i t y  of degradat ion from impurity elements. Secondly, 
from the  r e s u l t s  presented above, i t  appears t h a t  t h e  d i e l e c t r i c  is a l s o  very 
s t a b l e  e l e c t r i c a l l y .  S p e c i f i c a l l y ,  t h e  s i l i c o n - d i e l e c t r i c  i n t e r f a c e  may not  be 
degraded i n  a r a d i a t i o n  environment. The use of t h e  d i e l e c t r i c  thus  provides 
p o t e n t i a l l y  a very s t a b l e  pass iva t ion  f o r  s i l i c o n .  
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The presen t  work has  been only l i m i t e d  i n  scope, even though i t  shed a 
lo t  of l i g h t  on t h e  electrical  p r o p e r t i e s  as r e l a t e d  t o  the  chemistry of t h e  
system. No at tempt  had been made t o  s tudy  t h e  d . t s i l  of a l l  t h e  p rocess  
cond i t ions  and c o r r e l a t e  t o  r a d i a t i o n  darnage experiments. It is important t o  
s tudy the  whole system i n  a comprehensive and d e t a i l  manner i n  order  t o  
r e a l i z e  t h e  f u l l  p o t e n t i a l  of t h e  system. 
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Figure 1 :  Flatband voltage s h i f t  as a function of injected elecrrons for a 
51nm oxide with and without the ammonia anneal. The large increase I n i t i a l l y  
for the anneEl# s9mple was due t o  a n.ew electron trap with capture cross 
section of 10 Icm 
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RORAT'61: I can 988 that nitrided oxides are very 6ood for VLSI, but froa the 
point of your solar cellr, they m y  not work because most of the nitrided 
oxides have been fabricated at terperatures of around ~ ~ o P c  to 
12oooc. 

L4I: -11, I can tell you that for our purposes, for our work, we look at 
nitration conditions, which is consistent with VLSI processine. 
dltioas that I hare shown you, up until now, in detail, there is no in- 
consistency at a11 with VLSI processing. 

The con- 

EWATGI: That is what I am trying to point out, it is very good for -1 be- 
caose it takes care of radiation problems. 

LAI: By VISI, I mean that we are going away €ram high-temperature processes 
altwether. I doe't see the nitration condition we have used is much 
lishter, compared with ererythiw that is reported in the literature. 

WIIIIVGI: I hawe rode 80.18 nitrated oxide for passivating solar cells. 

SO I 6rew 100 II oxide nitrided i n  arsonia at 

Our 
solar-cell junctions have to be very thin, also, 80 I stayed at tempera- 
tures around 850%. 
850, and there was no real difference in the passivating properties of 
the oxide I had and the a€trided oxide. Then I went to a thermal nitride 
without any oxide, trying to make aa r 1 S  contact. and that was even worse. 
So it looks like if you ate going to use this nitrided approach yocl have 
to figure oat a way of doing it at low teaperatures. because  yo:^ !m't 
see all these beneficial effects. 

W: Well, I suess the iaportant thing is, what properties you laok at for 
passivation. 
here. nave yoo looked at interface properties, CV curves, at bonded or 
iapurity difQusion, those kinds of conditions? 

I will have to calibrate it to the point of data I havo 

ROHATCI: I think interface properties is the key here, because that is what 
determines the surface recombination velocity, and like you said, unlers 
yoo do the nitridation at temperatures 900 or above, you don't see all 
the good effects that have been reported in literature. 

LAI: That is uhat I said earlier, though. I don't think my experience has 
been that it does not really improve the surface. But all I have stated 
here is more for loas-term reliability, and it is a much more stable 
system, which I think is a very importact thing, at least for our process. 

GRWTHAHBR: I think tho dielectric material that you are looking at with the 
nitrided oxide shws a lot of really exciting possibilities, particularly 

one piace of information that you may or may not be aware of that has 
cop8 out of the Bewlett-Packard studies, which I think may have some 
severe Impact on tbe solar cell situation here. That is, the experiments 
looking at the lattice imaging of the silicon surface, camparin6 thin 
Si02 f i l m  with these nitrided oxides. 

I in term of generation mechanisms of more excited btates. But there is 
i 
1 

The interesting thing about 
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those results is that the surface of the silicon itself at the very abrupt 
determination, the last three or four atomic layers of the silicon, has 
significantly relaxed. 
tion, as you can see fram the lattice-imaging 181 micrographs, and I 
think there are some very serious implications for some of these reconk 
bination losses and so on in that. 
to be but I think -- 

There is much less strain at that surface situa- 

I don't know what they Orill turn out 

LAI: Yell, is that good or bad, though? 

GRUWTHIIloBB: That's right. I don't know which way it is going to go, but there 
clearly is a difference, and I think the first difference that has really 
been seen is in these dielectric fig- that have been groom. 
of other approaches have been taken, but always very similar reconstruc- 
tion strains, and so on, on the surface of the silicon. 
nitrided oxide are they seeing an actual relaxation of the top surface 
there for such sharp and coherent planes. 

h variety 

Yet only in this 

-0: In those annealing experiments -- this is just a takeoff on his question 
-- what happens when you use, say, an inert gas like argon at the same 
temperature instead of nitrogen? Have you had any results on that? 

L A X :  Wo. I have not done the experiment. 
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SURFACE PASSiVATION AND JUNcllION FORMATION USING LOW ENERGY HYDROGEN IMPLANTS 

I. Introduct ion 
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The Pennsylvania S t a t e  University 
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The use of high current ,  low ene;gy ion beams i n  device f ab r i ca t ion  is a 
r e l a t i v e l y  recent  development. Outstanding examples of this new, emerging use 
of low energy ions  are the  passivat ion of gra in  boundaries i n  polycrys ta l l ine  
s i l i c o c  wi th  low energy, hydrogen ion  implantation [l] and the so l a r  cel l  per- 
formance improvement r e su l t i ng  from low energy hydrogen ion implantation i n t o  
Mobil Solar ribbon [2].  
innovative appl ica t ions  f o r  low energy hydrogen ion implants which can be very 
useful  f o r  c r y s t a l l i n e  s i l i con .  We discuss  these new appl ica t ions  f o r  high 
current ,  low energy hydrogen ion implants i n  t h i s  paper. 

Recently w e  have demonstrated that there  are addi t iona l ,  

The paper is  arranged as follows: f i r s t , t h e  e f f e c t s  of low energy hydrogen 
ion beams on c r y s t a l l i n e  S i  surfaces  are considered; next,  t h e  e f f e c t  of 
these beams on bulk defec ts  i n  c r y s t a l l i n e  S i  is addressed; and , f ina l ly , spec i f ic  
appl icat ions of I€+ implants t o  z r y s t a l l i n e  S i  processing are discussed. 
of t h e  s i t u a t i o n s  reported on here, t he  hydrogen beams were produced using a 
high current  Kaufman ion source. 

In  a l l  

11. Hydrogen Beams:  A Cause and Cure f o r  Surface Defects 

When a l o w  energy hydrogen ion beam impinges on 2 s i n g l e  c r y s t a l  s i l i c o n  
surface,  the  surface is spu t t e r  etched, hydrogen is  implanted, and the  s i l i c o n  
iatt ice is damaged. That low energy hydngen ion beams damage S i  surfaces  may 
seem surpr i s ing  i n  view of the  a b i l i t y  of such b e m s  t o  pass iva te  grain boundar- 
ies i n  polycrys ta l l ine  S i .  However, t he  presence of t h i s  damage is demonstrated 
i n  Fig. 1. 
s i l i c o n  samples: one which w a s  subjected t o  a 0.4 keV I€+ beam and another which 
w a s  subjected t o  a 1.0 keV beam. The two t r aces  for  these cases are RBS 
channeling data;  the  t h i r d  t r a c e  is the random backscat ter ing y ie ld  from a 
s i l i c o n  sample. 

The f igu re  shows Rutherford backscat ter ing (RBS) data f o r  two 

As may be seen from the  f igu re  the  l a t t i ce  damage from t o  1.0 keV H+ beam 
exists deeper down i n t o  the  S i  than does the l a t t i ce  damage from the 0.4 keV $ 
beam. the energy s c a l e  fn to  a measure of the f i e l d  of energy d i s s i -  
pat ion fo re the  d ions gives a 200 A deep layer  of l a t t i ce  damage f o r  0.4 keV HI- 
and a 400 A deep layer  fo r  1.0 keV €l+ ions.  This meabure of the l a t t i c e  damage 
is based on the f u l l  width i n  energy of the  RBS channeling peak a t  half  maximum 
of the  y i e ld .  By noting t h a t  the  channeling peak y i e lds  f o r  both 0.4 and 

Convertin 

1 .0  @ beam exposures 
t h i s  layer  of l a t t i c e  
(dosage $1018 cm-2 i n  

coincide with the  random yie ld ,  i t  can be deduced t h a t  
damage, r e su l t i ng  from exposure t o  the  hydrogen beams 
both cases) ,  is amorphized. 
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A f u r t h e r  demonstration of t h e  f a c t  t h a t  low energy hydrogen i o n  beams 
This t a b l e  g ives  peak t o  peak themselves damage S i  is provided by Table I. 

h e i g h t s  f o r  t h e  e l e c t r o n  sp in  resonance (ESR) s i g n a t u r e  of s i l i c o n  dangl ing 
bonds 131. The t a b l e  shows how t h i s  ESR measure of l a t t i ce  damage v z r i e s  as 
t h e  The d a t a  i n d i c a t z  
t h a t  lat t ice damage increases up to  -0.8 keV and then appears  t o  s a t u r a t e .  
This  s a t u r a t i o n  e f f e c t  may be due t o  s p u t t e r i n g  which reduces t h e  volume of 
damaged material or t o  an anneal- e f f e c t .  
o r d e r  of 

ion beam energy is var ied  from 0.2 keV t o  1.0 keV. 

Again all the dosages were of the 

TABLE I 

Peak-to-Peak ESR S i g n a l  Heights 
I 

ESR S i g n a l  Heights 
I Ion Beam Minimum Power Medium Power Maximum Power 

Species  & Energy Microwave Mi cr owave Microwave 

- Control  Sample <1 <1 

H+ 0.2 keV 
0.4 keV 
0.6 keV 
0.8 keV 
1.0 keV 

Ar' 0.2 ke'J 
0.4 keV 
1.0 keV 

<1 
<1 
<1 
'L2 
%l. 5 

<1 
<1 
Q5.5 

Ql 
'L2 
'L2 
-4 .5  
'L4 

-2 
~ 2 . 5  

-15 

%2 
-3 
-3.5 
-8.5 
-7 

c4 
$7.5 
1.40 

An e l e c t r i c a l  assessment of t h e  damage caused a t  c r y s t a l l i n e  S i  s u r f a c e s  
by low energy hydrogen ion beams is  presented i n  Fig. 2. 
(I-V) da ta  are given f o r  Au d o t s  deposi ted on p-Si. A s  expected Au c o n t a c t s  t o  
chemically prepared p-Si ( t h e  c o n t r o l )  show a low b a r r i e r  he ight .  
c o n t a c t s  t o  chemically prepared p-Si, which was subsequently subjec ted  t o  vari- 
ous Ht beam exposures,  y i e l d  I -V c h a r a c t e r i s t i c s  which i n d i c a t e  t h e  presence of 
p o s i t i v e  charge. That is, p o s i t i v e  charge i s  crea ted  i n  a l a y e r  n e a r  t h e  S i  
s u r f a c e  due t o  t h e  H+ beam exposure and t h i s  causes  t h e  increased b a r r i e r  
he ight  seen i n  Fig.  2 [3-61. 

Here current-vol tage 

However, Au 

Thus t h e  RBS d a t a  of Fig. 1, t h e  ESR d a t a  of Table I ,  and t h e  I-V d a t a  of 
Fig. 2 e s t a b l i s h  t h a t  low energy H+ ion beams damage s i n g l e  c r y s t a l  S i  sur faces .  
A l l  measures of t h i s  damage agree  t h a t  i t  is  worse a t  t h e  h igher  e n e r g i e s  ( f o r  
t h e  range used) and least a t  t h e  lower energ ies .  However, t h e s e  measures do 
not  a l l  y i e l d  d a t a  t h a t  vary wi th  energy in e x a c t l y  t h e  same manner. For 
example, t h e  amount of p o s i t i v e  charge p r e s e n t ,  as judged from t h e  I -V d a t a ,  is 
not  found t o  be simply p r o p o r t i o n a l  t o  t h e  s t r e n g t h  of t h e  ESR signal. 

Other low energy ion beams a l s o  damage s i n g l e  c r y s t a l  s i l i c o n  s u r f s c e s .  
I n  f a c t ,  as we w i l l  see, they in f l ic t  more damage (holding dosage and beam 
energy cons tan t )  than does hydrogen. We begin t h i s  cons idera t ion  of t h e  damage 
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e f f e c t s  of o ther  ion beams by turning t o  F i  
low energy Ar+ beams (again a t o t a l  of %101f*i:As/cm2 impinged on these samples) 
damage the  s i l i c o n  la t t ice  a t  and below the  surface.  
i nd ica t e  tha to the  f i e l d  over which energy is d iss ipa ted  by 0.4 keV Ar' ions  
extends %lo0 A below the sur face  whereas the  f i e l d  over which energy is d i s s i -  
pated by 1.0 k e V  Ar+ ions extends ~ 2 0 0  1. 
Ar+ beams, unl ike the  hydrogen, have not  been ab le  t o  a m r p h i s e  the  Si sur face  
layer .  

This  f igu re  e s t ab l i shes  t h a t  

In  t h i s  case the  RBS da ta  

These RBS da ta  point  out t h a t  t he  

Table I a l s o  contains  the  ESR assessment of  t h e  damage caused by Ar+ ion 
beams. A s  may be noted from t h e  t ab le ,  t he  dambe increases  with beam energy 
and t h e  damage signal is higher f o r  Ar+, f o r  t he  same dosage and energy, than 
i t  is f o r  &. Fig. 4 shows t h e  I-V data  f o r  a Au dot on p-Si which was  chem- 
i c a l l y  prepared and subsequently subjected t o  a 1.0 keV Ar' beam. 
charged sur face  i ave r  ( i .e . ,  t h e  sur face  l aye r  containing damage-induced donors) 
is c lea r ly  present  as a r e s u l t  of t he  Ar+ exposure as is apparent from t h e  I-V 
cha rac t e r i s t i c .  

The pos i t i ve ly  

Hydrogen ion beams cause sur face  dainage and o the r  ion beams such as would 
be present  i n  plasma deposit ion,  sput te r ing ,  o r  dry e tch ing  (we took Ar+ as an 
example), also cause sur face  damage. This observation immediately causes several 
quest ions t o  present  themselves: (1) how does the  damage caused by Hf compare 
with that caused by Ar+, (2) how can H+ implants pass iva te  poly S i  and Mobil 
Solar  ribbon Si without causing sur face  damage, and (3) can H+ implants p a s s i -  
va te  t h e  damage caused by Ar+ implants. 
comparing €l+ and Ar+ ion beam damage i n  s i n g l e  c r y s t a l  S i .  

! 

We begin addressing these  quest ions by 

A s  may be  seen from Fig. 1 and 3, t h e  RBS channeling da ta  ind ica t e  t h a t  
t h e  f i e l d  of damage (Si atoms knocked out of t h e i r  l a t t i c e  pos i t ions)  is more 
extensive,  f o r  a given dosage and energy, f o r  hydrogen than i t  is f o r  argon. 
Also t h e  hydrogen amorphises the  Si sur face  layer ;  t he  argon does not .  
t h e  ESR data  of Table I ind ica t e  t h a t  t he re  are more dangling bonds i n  the  dam- 
age l aye r s  caused by Ar+ -- even though Figs. 1 and 3 show these Ar' - caused 
l aye r s  are thinner  -- than the re  are i n  t h e  corresponding (same energy and 
dosage) l aye r s  caused by Hf. This is  our f i r s t  indicacion t h a t ,  al though the  
beam is very e f f e c t i v e  i n  t ea r ing  up the  Si la t t ice ,  i t  a l s o  pass iva tes  its own 
damage as seen by the  reduced ESR s igna l .  The I-V da t a  of Figs.  2 and 4 support 
t h i s  contention; i .e.,  there  is  less p o s i t i v e  charge present  a f t e r  a 1 .0  H+ ion 
beam exposure than there is a f t e r  a 1.0 Ar' ion beam exposure (both s i t u a t i o n s  
had a t o t a l  of ~ 1 0 1 8  ions/cm2 impinging on the  Si). 

However, 

This br ings u s  t o  the  question of how can H+ implants pas s iva t e  poly Si 
and Mobil Solar  ribbon S i  without causing sur face  damage. 
must be t h a t  these & implants do cause damage t o  the sur faces  of these materials. 
The p ic tu re  that emerges I s  as follows: 
caused damage is not  too severe, some H can escape the  implant region and d i f f u s e  
t o  bulk de fec t s  o r  gra in  boundaries f o r  passivat ion.  The implant induced sur face  
damage is p a r t i a l l y  (or  completely) passivated by remaining hydrogen. This l aye r  
can then remain, be etched o f f ,  o r  be annealed out.  We speculate  t ha t ,  i f  i t  
remains i n  a completed nf/p s o l a r  c e l l  s t ruc tu re ,  any r + s i d u a l  pos i t i ve  charge 
i n  the  l aye r  would only perform the  bene f i c i a l  s e rv i ce  of forming a f ron t  sur face  
f i e l d  which would a i d  shor t  wave length s p e c t r a l  response. 
bonds a l s o  remain these could increase sur face  recombination i n  t h e  emitter lead- 

We bel ieve  the  answer 

As t he  $ is implanted, if the s e l f -  

However, i f  dangling 

. #  

F 

% 
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i n g  t o  a degradat ion i n  Voc ( i f  i t  is c o n t r o l l e d  by t h e  emitter) and t o  a degrada- 
t i o n  i n  t h e  s h o r t  wavelength s p e c t r a l  response. 
after If implantat ion,  it sugges ts  t h a t  VOc is being  c o n t r o l l e d  by t h e  emitter 
and e m i t t e r  recombination i s  being enhanced by exposure t o  t h e  K' beam. 

Put another  way, i f  Voc degrades 

The p e r t i n e n t  quest ion o f  whether o r  n o t  # implants  can p a s s i v a t e  s u r f a c e  
la t t ice  damage now needs to  b e  considered. 
w e  see t h e  I - V  c h a r a c t e r i s t i c  f o r  an  Au dot  evaporated onto S i  t h a t  has  been sub- 
j e c t e d  to  1.0 keV Ar' and then  subjec ted  t o  0.4 keV H+ beams. The Ar+ damage 
seen in Fig. 4 (1.0 keV Ar+ I-V curve) is c l e a r l y  pass iva ted  by t h e  $ implant. 
I n  fact, t h e  damage ( a s  judged by t h e  presence of p o s i t i v e  charge) is seen from 
Figs.  2 and 4 to  be less after t h e  Ar+ p l u s  €I+ beam exposures than i t  is  a f t e r  a 
simple 0.4 keV $ beam exposure. 

To do t h a t  w e  t u r n  t o  Fig. 4. Here 

Comparing Figures  2 and 4 i n d i c a t e s  tnat t h e r e  is a synergism involved i n  
One can s p e c u l a t e  t h a t  t h e  damage caused t h e  1.0 Ar+ exposure/0.4 €-I+ exposure. 

by t h e  1.0 keV Art beam r e t a r d s  t h e  pene t ra t ion  of t h e  subsequent 0.4 keV €I+ 
beam t r a p p i n g  t h e  hydrogen i n  a smaller volume. This a l lows i t  t o  be more ef fec-  
tive in p a s s i v a t i n g  t h e  donor levels ( p o s i t i v e  charge) caused by t h e  Ar+ ion beam 
la t t ice  damage. However, t h i s  r e t a r d a t i o n  of t h e  hydrogen by t h e  Ar+ damage has 
y e t  to be e s t a b l i s h e d  by RBS. It a l s o  must be determined if t h e  remaining damage 
( a f t e r  1.0 Ar+/0.4 H+) is  e l e c t r i c a l l y  i n a c t i v e  but  d e t e c t a b l e  by ESR measure- 
ments. 

It is clear t h a t  hydrogen implants  can b e  t h e  cause as w e l l  as t h e  c u r e  f o r  
s u r f a c e  damage in c r y s t a l l i n e  s i l i c o n .  
(i.e., whether i t  results i n  a n e t  c u r e  o r  cause of damage) depends on t h e  pre- 
vious h i s t o r y  of t h e  sur face .  
t h i n  oxide o r  n i t r i d e  l a y e r s  can modify t h i s  behavior and i f  hydrogen implants  
can improve t h e  q u a l i t y  of t h i n  o:;ide/Si o r  t h i n  n i t r i d e / S i  i n t e r f a c e s .  

The manner i n  which t h e  hydrogen ac ts  

It remains t o  be determined i f  implant ing through 

111. Hydrogen B e a m s :  A Cure f o r  Bulk Defects 

From t h e  results of Sec t ion  11, from references  [l] and [2], and from t h e  
wealth of data from amorphous S i  work, i t  seems clear t h a t  hydrogen implants  can 
p a s s i v a t e  dangl ing bonds i n  s i l i c o n .  
fect.. i n  bulk Si, i t  w i l l  p a s s i v a t e  them. Recently, i t  has  a l s o  been sugdested 
t h a t  hydrogen can p a s s i v a t e  deep l e v e l s  r e s u l t i n g  from i m p u r i t i e s  i n  s i l i c o n  
[7 ,8] .  However, t h i s  l a t te r  poin t  remains somewhat i n  doubt s i n c e  s u r f a c e  damage, 
incur red  i n  t h e  act of in t roducing  t h e  hydrogen, can g e t t e r  f a s t  d i f f u s i n g  impur- 
ities. 
l e v e l s  or, i f  hydrogen-caused damage, I s  g e t t e r i n g  t h e  impur i t ies .  

Hence, i f  hydrogen can reach bonding de- 

Hence i t  remains t o  e s t a b l i s h  if hydrogen is p a s s i v a t i n g  deep impuri ty  

IV. App1.ications of H+ Implants t o  C r y s t a l l i n e  S i l i c o n  

A. Surface Property Mo. ' if ication 

As w a s  discussed i n  Sec t ion  11, if S i  is exposed t o  a low energy hydro- 
gen ion beam, t h e r e  i s  a s u r f a c e  l a y e r  produced which conta ins  l a t t i ce  damage. 
This l a t t i ce  damge g ives  r ise  t o  donor l e v e l s  which cause t h e  b a r r i e r  seen in 
Fig. 2. A s  noted i n  Fig. 2,  t h e r e  i s  a l s o  a2 i n s u l a t i n g  Si :H ar Si:H:O l a y e r  
produced by t h e  lower energy ion beam exposures [4]. Its presence is not  
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detected i n  Fig. 2 (it would appear as  a l a rge  series re s i s t ance  i n  the  I-V) 
s ince  these samples were a l l  given an HF e t c h  and D I  water r inse .  

The presence of t h i s  apparently wide gap, i n su la t ing  Si:H o r  Si:H:O layer ,  
This . ' igure produced by the  lower energy H+ beam exposures, is  seen i n  Fig. 5 .  

presents  capacitance-voltage (C-V) data  f o r  a p-type S i  sample t h a t  w a s  subjected 
t o  a 0.4 keV H+ ion beam. I n  t h i s  case t h e  Au f ron t  contact  was deposited on c k  
H+ implanted sur face  without t he  HF e tch  t o  allow the  in su la t ing  sur face  f i lm  t o  
remain. These C-V d a t a  show t h a t  t he  wide gap Si:H o r  Si:H:O l aye r  is capable of 
supporting bo;h accumulation and inversion; Le., the l a y e r  is a good insu la tor .  
We no te  that t h e  conducting, lattice-damaged layer, containing the donor l e v e l s  
giving rise t o  the  b a r r i e r  seen i n  Fig. 2, lies below t h i s  i n su la t ing  layer .  This 
same type of i n su la t ing  l a y e r  appears f o r  the lower energy IT+ implants on u-type 
s i n g l e  c r y s t a l  Si samples also.  

p lan t s  appears a t t r a c t i v e  f o r  sur face  pass iva t icn  of  s o l a r  cells. 
p l an t s  which produce t h i s  l aye r  seem espec ia l ly  a t t r a c t i v e  f o r  n+ emitter etruc-  
t u re s  s ince  the  wide-gap l a y e r  could pass iva te  the  emitter sur face  while the 
donor layer ,  produced by the  Ii+ implant, would c rea t e  a f r o n t  sur face  f i e l d .  
Such implants, when done through th in  oxides o r  n i t r i d e s ,  m y  produce optimum 
emitter s t ruc tu res .  However, t h i s  a l l  remains speculat ion a t  t h i s  po in t  s ince  
the  e f f e c t  of t h i s  processing on emitter rscombinatfon has not  been determined 
nor has the re  been any attempt at  optimization, o r  a t  studying, t h e  e f f e c t s  of 
t he  presence of t h i n  oxide o r  n i t r i d e  layers .  

This wide gap in su la t ing  sur face  l aye r  c rea ted  by the  lower energy €I+ im- 
The Kf i m -  

B. Low Temperature Junction Formation 

From the  preceeding sec t ions  and from the  literature there  is extensive 
evidence point ing towards t h e  v i r t u e s  of hydrogen in the  passivat ion of e l e c t r i -  
c a l l y  a c t i v e  bonding defec ts  i n  s i l i con .  Hence, i t  seems only n a t u r a l  t o  deter-  
mine i f  H+ implants can improve the  qua l i t y  of implanted, shallow n+/p and p+/n 
junct ions.  The objec t ive  is t o  obtain high qua l i t y ,  low leakage implanted shal-  
l o w  junct ions without recourse t o  the  high temperature processing cur ren t ly  
employed. 

I n  our study, n+/p diode s t r u c t u r e s  were fabr ica ted  by implanting 75-keV As+ 
ions i n t o  (100) p-t e Si which had channel s tops  prescnt .  The dosage used w a s  

type ion source,  we subsequently implanted low-energy hydrogen ions  i n t o  the  
damaged s i l i c o n .  
an ex t r ac to r  vol tage of 0.3 keV, and an acce le ra to r  current  of 200 mA. 
s i l i c o n  samples were then annealed a t  500 o r  60OOC f o r  1 hr .  i n  n i t rogen  o r  argon 
ambients. 
the dopant p r o f i l e  and t h e  degree of dopant ac t iva t ion .  Current-voltage-tempera- 
t u r e  (I-V-T) measurements were made t o  examine the  diode c h a r a c t e r i s t i c s  and 
t ranspor t  mechanisms. Experimental d e t a i l s  nay be obtained from r e f .  [ 9 ] .  

5 x 1015 A s  atoms/cm 9 and the  implant area w a s  3.7 x cm2. Using a Kaufman- 

The hydrogen ion beam had an acce lera t ing  vol tage of 0.4 keV, 
These 

Spreading r e s i s t ance  measurements were subsequently made t o  examine 

We found that the  low-t,emperature anneal,  following the  Ie implant, is a 
very necessary p a r t  of t h i s  processing. 
mediately a f t e r  t he  H+ implantation but before  the  low-temperature anneal, are 
extremely poor. 
the  order  of hundreds of pA/cm2) i nd ica t e  t h a t  t h e  damage has not  been f u l l y  
passivated and t h a t  the  dopant is not  ac t iva ted  by t h e  hydrogen implant alone. 
The inactivity of the  dopant is borne out by the  spreading r e s i s t a n c e  mepsure- 

The c h a r a c t e r i s t i c s  of our diodes, im- 

The high series re s i s t ance  and very l a rge  leakage cur ren ts  (of 

I 
I '  
i 

i 

I 
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ments. 
surpr i s ing  as the  temperature of t h e  s i l i c o n  sample during the  H+ implant rises 
t o  temperatures less than 15OOC. 
surements (Fig. 6) i nd ica t e  that junct ion depth a f t e r  a 6OO0C l-hr. anneal shows 
very l i t t l e  dopant r ed i s t r ibu t ion .  
spreading res i s tance  shows tha t  most of t he  implanted As has been ac t iva ted  by 
t h i s  6OOOC anneal following the  I€+ implantation. 

(See Fig. 6). The lack  of dopant ac t iva t ion  a f t e r  t he  H+ implant is not  

The r e s u l t s  of our spreading r e s i s t ance  mea- 

The dopant concentration as  measured from 

I Turning s p e c i f i c a l l y  t o  the  diode I-V behavior r e su l t i ng  from t h i s  HILT 
processing (from hydrogen ion-assisted,  low temperature anneal) ,  i t  is seen in 
Fig. 7 t h a t  exce l ien t  d iode  c h a r a c t e r i s t i c s  r e s u l t  even though proceusing temper- 
a t u r e s  have never exceeded 600OC. 
1.5 v o l t  reverse  b i a s  are a t t a i n e d  fo r  QS-lOQ-cm p-Si base material. The forward 
b i a s  n-factors i n  t h i s  case are n = 1.03 over Q5 decades. We have obtained simi- 
lare results f o r  p+/n implanted junct ions.  

I 

Leakage cur ren ts  of t h e  order of 5 nA/cm2 a t  

I n  summary, w e  assert t h a t  t h i s  novel, genuinely low-temperature process 
o f f e r s  an a l t e r n a t i v e  t o  t h e  numerous 
anneal out implantation damage and t o  a c t i v a t e  dopants i n  implanted Si. 
l iminary s tud ie s ,  with very l i t t l e  opt imiz- t ion,  show tha t  t h i s  low-energy 
hydrogen-ion implantation/low-temperature anneal processing fo r  damage passiva- 
t i o n  and dopant ac t iva t ion  gives  r e s u l t s  comparable t o  t h e  o ther  annealing pro- 
cesses  (we have looked a t  p+/n junc t ions  a l so ) .  
vat ion of any res idua l  defec ts  and thereby provides an advantage not  offpred by 
o ther  techniques. 
dopants, we are by no means l imited t o  them and can use  low-energy 
i n  conjunction with lower-temperature RTA approaches. 
processing time involved. 
process can very e a s i l y  be adapted t o  the  fabr rca t ion  of t he  extremely shallow 
junct ions needed fo r  s o l a r  c e l l s .  

o ther  processes being inves t iga ted  to  
Our pre- 

In  addi t ion  i t  allows f o r  passi-  

Although at  present  w e  use furnace anneals  t o  a c t i v a t e  t h e  
implants 

This w i l l  reduce t h e  
With the  development of broad-beam ion sources,  th3.s 

A t  t h i s  t i m e  the mechanism by which hydrogen implants improve device char- 
a c t e r i s t i c s  is not  c 1 - x .  Indeed severa l  groups ( including us) have found t h a t  
H begins t o  evolve f - - m  s i l i c o n  a t  a temperature  of *.350°C and I s  completely 
lost by 600OC. 
s i l i c o n  "dangling bonds" does not seem t o  be adequate. 
the mechanisms of annealing and 'opant ac t iva t ion  is under way. 

Thus the  s imple  explanation of hydrogen bonding i t s e l f  t o  t he  
Further work t o  i d e n t i f y  

C. Enhancement of Web Solar  Cell Performance 

As w e  f i r s t  pointed out a t  the  1983 European Photovol ta ics  Conference 
Meeting [lo], low energy hydrogen ion implants can improve t h e  performance of 
s o l a r  cel ls  fabr ica ted  on Westinghouse web mater ia l .  
shown t h a t  these low energy implants reduce the  Jo f o r  t he  recombination- 
d i f fus ion  cur ren t  con t ro l l i ng  Voc and, thereby, enhance Qoc i n  these cells. Also 
t h e  long wavelength s p e c t r a l  response is improved by t h e  implants [ll] implying 
the  d i f fus ion  length is increased i n  t he  base. 
Jo is cont ro l led  by the base; consequently, V,, and t h e  s p e c t r a l  response improve 
due t o  an improved base d i f fus ion  length. 
deduction tha t  t he  e implant is passivat ing bulk de fec t s  i n  t h e  web Si. 

Subsequently [ll] ve have 

This l a t te r  f a c t  suggests t h a t  

Fron, L h i e  p i c t u r e  one is l ed  t o  t h e  

There is an a l t e r n a t i v e  explanation: the  H+ implants may be reducing recom- 
The enhanced binat ion ir. the  emitter; i .e.,  Jo may be control led by the  emitter. 

long wavelength s p e c t r a l  responsp would not be due t o  enhance base proper t ies  i n  

J 
I 
I 
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t h i s  p ic ture ;  but,  r a the r ,  i t  would be due t o  a widened band gap i n  the  emitter 
which allows long wavelength photon8 t o  pene t ra te  i n t o  the  base. That is, before  
the  
l e v e l s  used in the  Westinghouse c e l l s .  
long wavelength photon absorption i n  the  emitter. Af te r  t he  H+ implant, t he  band 
gap ' s  widened and, as noted, these  photons can now penet ra te  i n t o  t h e  base giving 
an apparent increase i n  the base d i f fus ion  length.  

implant t h e  bmd gap i n  the  emitter is narrowed Sue t o  the  high doping 
This narrow band gap Causes enhanced 

Whether base material proper t ies  a r e  ac tua l ly  being improved by these  H+ im-  
p l an t s  i n t o  web material Oi whether a l l  t he  changes (reduced recombinaticn and 
widened band gap) are taking place i n  the  emitter remains t o  be determined. Given 
t h e  f a c t  t h s t  sample h i s to ry  a f f e c t s  t he  way hydrogen i n t e r a c t s  with S i  - as we 
es tabl ished i;: Section I1 - it follows t h a t  t he  in t e rac t ion  of H+ implants with 
web S i  can he a complicated phenomenon which needs addi t iona l  study. 

V. Conclusions 

As a r e s u l t  of our examination t o  da te  of the e f f e c t s  of hydrogen ion beam 
exposure on c r y s t a l l i n e  s i l i c o n ,  t he  following conclwions  may be  drawn: 

1. Hydrogen ion exposure can cause, as w e l l  as cure, sur face  defec ts .  
These de fec t s  include damage-caused donor states and dangling bonds. 
Whether a hydrogen implant r e s u l t 9  i n  increased damaged or passiva- 
t i o n  depends on t h e  energy of t h e  implant and on the  p a s t  processing 
h i s to ry  of t he  s i l i c o n  surface.  

2. Very low energy hydrogen ions can produce a wide-gap in su la t ing  
f i lm  a t  the  sur face  of s i l i con .  I t  may be poss ib le  t o  use t h i s  
layer ,  perhaps by implanting thro-lqh th in  oxide o r  n i t r i d e  f i lms,  
t o  pass iva te  surfaces.  i 

1 

3. Hydrogen ion exposure can pass iva te  bulk bonding defects .  
i 

4. Hydrogen implants can be used t o  give high qua l i t y ,  shallow im-  
planted junct ions.  
be accomplished with processing temperatures of only 60OoC. 

The use  of t h e  hydrogen implant allow t h i s  t o  

I 

5 .  Low energy hydrogen implants can :'raprove s o l a r  c e l l  performance. 
It appears t h a t  t he re  are two possible  scenarios  t h a t  can explain 
t h i s  : 

One assumes t h a t  the hydrogen implants do not a f f e c t  t he  
emitter or ,  i n  the  other  extreme, damage t h e  emitter. It 
is assumed t h a t  the implants pass iva te  bulk defects .  I n  
t h i s  case, cells  where Voc is cont ro l led  by the  base would 
show enhancement of t he  Vo, a f t e r  the  hydrlgen implant and 
cells where Vo, is control led by t h e  emitter would show no 
change in Voc o r  degradation. In  both s i t u a t i o n s  the  long 
wavelength s p e c t r a l  response should improve. 

I 

1 

I 
i 

i 

The o ther  scenario assumes tha t  t he  hydrogen implants reduce 
recombination i n  the  emitter and a l s o  may widen the  band gap 

227 



i n  the  emitter, depending on emitter doping l e v e l .  I n  t h i s  
case, ce l l s  where Voc is c o n t r o l l e d  by t h e  base would show 
no change i n  Voc a f te r  an implant; however, c e l l s  where Voc 
is c o n t r o l l e d  by t h e  eni t ter  wculd show improvement. I n  
both s i t u a t i o n s  t h e  long wavelength s p e c t r a l  response may 
improve due t o  band gap widening. 
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Figure 1. Rutherford b a c k s c a t t e r i n g  
chanueling d a t a  for 0.4 keV and 1.0 keV $ 
beam exposures. 
y i e ld .  

Also shown is  t h e  random 

Figure 2 .  
subjected t o  var ious  hydrogen ion beam exposures. 
a f t e r  che exposurcs and a f t e r  an HF e t c h  and D I  water r in se .  Th i s  e t c h  a i d  
r i n s e  is used t o  r e m v e  a high r e b i s t a n c e  Si:H o r  S:H:O l a y e r  t h a t  forms for t h e  
lower energy hus. 

Current-voltage ( I -Vi  d a t a  f o r  Au d o t s  evaporated o3to p-Si s u r f a c e s  
The hu d o t s  were depcs i t ed  

See Figure 6 .  
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Figure 4. Current-voltage (I-V) data f o r  Au dots  evaporated onto p-Si s u r f a c e s  
subjected t o  1.0 hr+  expcsure. I n  one case  t h e  A r +  exposure was followed by an 
I€+ exposure. 
a f t e r  an HF e t c h  and DT water rinse. 

In  each case t h e  Au d o t s  were deposi ted a f t e r  t h e  ion exposures and 
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Figure 3 .  Rutherford b a c k s c a t t e r i n g  
channellng da ta  f o r  0.4 keV and 1.0 
keV Ar+ beam exposures. 
t h e  random . d e l d .  

Also shown is 
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Figure 5.  
@ (0.4 keV beam energy) but which was not given t h e  subsequent ?IF 
etch and D I  rinse used for the samples of Fig. 2. 
inversion are clearly occurring due t o  the presence of an insulating 
scrf ace film. 

Capacitance-voltage data for p-Si which was unplanted with 

Accumulation and 
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Figure 6. 
75 keV As+ implanted S i .  Treatments 
following the A& implants are shown on 
the figure as is the theoretical  LSS 
prof i l e .  

Spreading resistance p l o t s  for 

Figure 7. Current-voltage-temperature 
data for As+ implanted S i .  
diode structure has had a 0.4 keV @ 
implant for  1 minute followed by a 600OC 
1 hour furnace anneal i n  N2. 
area i s  3.7 x 10-2 cr-2 
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TURNER: I would propose an experiment by which you might be able to differen- 
tiate between those two models. 
light -- as long as it is not infrared -- on the back of the cell, cut a 
window through the back metallization and shine light on that, and that 
will be sensitive to the di ‘wion length through the base of the mater- 
ial. 

That is, to shine blue light and red 

The emitter w:n*t make any difference, except for minor reflec- 
tivity. 

PO#bsI: That is a good suggestion. 

KAZMERSKI: Or yot could try implanting through the rear. 

--I 
;I 

. .. 

? I  

. !  
‘ i  
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FOUASB: We haven*t tried the former suggestion, the latter suggestion is being 
tried right now. We are trying implanting through the rear. 

LPSf: In your one-minute implantations, with your system, what dose are you 
getting? 

FONASH: The dosages are on the order of 

LESK: And that is your general dose you are using for all this work? 

In the last work you talked about, the emitter band-gap widening, were 
your measurements taken before the AB coat or after, and if after, did 
the temperature involved in the AR coat deposition have any effect on the 
annealing? 

FONASH: The measurements that I just showed for the web material - -  all the 
data that I showed was before AB coating. Thece was no temperature pro- 
cessing involved at all in that. 
these cells and put on AR coatinbs to see what would happen and the per- 
formance continues to be enhanced to the degree that one would expect from 
an ABL coating. They have also done -- and agaig, I think Ajeet (Robatgi) 
will probably discuss this -- WestinOhouse has also taken these cells that 
we have iatplanted and they have done some temperature stability studies on 
them, and what have you, and the answer to your general question is that 
they don*t find any destabilization on the cells with moderate temperature 
cyc 1 ing . 

Now Westinghouse has subsequently taken 

SCHRODBR: Have yoc done any DLTS measurements on the damage layers themselves? 

FONASH: Yes we have. 

SCHRODBR: The data you showad was after it wed removed, on the gold sample? 

FONASB: Yes i t  was. 

SCHRODBR: On the previous samples? 

FOIYASH: We have done DLTS, and we see a broad damage signal around the middle 

:r----- -- 
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of the gap, a little bit above the middle of gap. 
silicon into silicon and done DLTS ta compare the damage signals, and they 
compare. 
or so. 
to say that we are doins precisely what y m  have suggested. 

We have also implanted 

But that is uork that we have just been into for about a month 
I would not really like to coement on that too much. other than 

SCHWDER: OK. Another question is, do you think your hydragen implant condi- 
tions are similar to what I assume you referred to -- proton work, plasma, 
or even recently, I think, they use an electron technique? 

F O W H :  That is right. 

SCHBODER: Are the conditions similar, you think? 

FOMASH: In a plasma, as you know, the governing quantity that one needs to 
look at is the voltage acrcsa the sheet, because that is the energy that 
the ions would impact the surface with. So I really don't know; given the 
power, there is no way to convert that directly into what the energy of 
the ions is, so I can't comnent on whether the situation is the same. I 
don't know the energy of their ions when they impact the surface. They 
ace also talking about a process where they do the hydrogen treatment at 
300°C, as I remember. It is done for something like two hours. To 
smmarize my answer, I don't know the energy of their ions. Theirs is a 
process done at elevated temperature, and it is a process that is done 
for same two hours. Ours is a process that is done at essentially room 
temperature, at one minute, for very carefully controlled ion energy. 

LOFERSKI: I was going to suggest perhaps a third mechanism that would account 
for the increase of diffusion length in the Westinghouse web samples. 
Perhaps, also, for what is going on in that gold-doped cell. You know, 
for one thing, the implantation certainly produces a lot of vacancies in 
the silicon, at Interstitials and vacancies. You know the work by George 
Watkins -- and the ESR studies in silicon -- and of other people, that 
shows that vacancies form complexes and these complexes are what result 
In the deep levels that control lifetime. Now vacancies can also -- some 
of tha complexes can be in a direction where they wipe cut something that 
was a lifetime killer, and, you know, just neutralize it, so that it is 
possible that what is happening in both cases is that you have generated 
vacancies in excess of what you would have had at that temperature and 
they go down into the complexes; the vacancies are very mobile. Watkins 
showed that you don't see any free vacancies, and if you produce them at 
temperatures higher than, I think something at IK, they move rapid. even 
down there at 20K, and so forth. 

FOUASH: I realize that. 

LOFERSKI: So, anyway, that is another possibility. 

FOMASH: I think it is a possibility. That is one of the reasons why we are 
going to the implant from the back. 
that that experiment, implant from the back, could be clouded by the 
vacancies coming all the way up to the emitter. 
that that is not the definitive experiment. 

But there is always a possibility 

One could alvays argue 
I am aware of the high 
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mobility of vacancies, and it does indeed further clcud the issue. Get- 
ting back to the gold, I don't think it is the explanation there, because 
I think we have pretty well established that the gold is captured in that 
damaged layer and we remove it when we etch off the damaged layer. 

LOFBBSKI: I was wondering about the gold, whether anybody has studied gold and 
vacancies, complexes; whether Watkins has done that or not? 

FONASH: I don't know. 

HILSTEIN: As goo may be aware -- I am sure aware -- we also looked at hydro- 
gen implants at 300 eV in web materials and our RBS data and some other 
things differ a little bit from yours. 
passivation, just to make sure we saw the damage if it was going to be 
there. 
fact that we saw no change in the reflectance under those iaplant condi- 
tions. Rowever, when we went to 900 eV or 1500 eV, we saw several hundred 
A of amorphous material, and in fact we saw a very dramatic change in 
the absorption, which is consistent with the appearance of amorphous 
material. 
metre 100 eV above where we were, you are seeing the kinds of things you 
are seeing. 

At 400 eV for 1000 minutes of 

W e  saw QO amorphous material, and that is consistent with the 

In that sense, I would question whether at 400 eV, which is a 

FONASH: Well, I don't question it, because we have reproduced it several 
times, so I know it's real. And I think thee- other data -- there is a 
group at IBM for example, that has used Ruthetfotd back-scattering to 
study damage incurred in reactive ion etching, and they have found that 
for camparable energies, 300 eV, 400 eV, the RBS does indeed detect a 
substantially damaged layer. 
damaged layer that is produced there at 400 eV. 

So I don't doubt the data, that there is a 

HILSTBIN: Well, we saw latticed damage, '600 A of lattice damage, we did 
not see amorphous at 400 eV. 

FOUASH: Oh, you mean the RBS yield was not up to the amorphous level? 

LIILSTBIW: That is correct. 

FONASH: Well, I don't know the explanation for that other than to suggest that 
perhaps you did some thermal treatment. 
are not the same. 

It could be that your energies 

MILSTBIN: No. 

FONASH: Well, we find this reproductble. 

SAH: I would like to ask you if you have tried it on an encapsulated silicon? 

FONASH: Yes. 

SAH: What happens? 

FOWASH: Well, what do you want to discuss? 
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SAH: For instance, you called this level a donor level. 

FONASH: That is right, it is synmetric. It lowers the barrier in n-type 
silicon. We have published that in a number of places. 

SAH: It is still donor, or is it not donor? 

FONASH: It is still donor. It lowers the barrier in n-type sil?con. In other 
words, you get an n+n type of layer on n-type silicon. You see, it's 
one of the first things we did to see if the effect is sgmanetric between 
p and n silicon, and indeed it is. 
that shows up for p material and mysteriously disappears for n type 
material. 

It is not a special case of a donor 

HMlOltd: The stuff we*ve done leaves no doubt that the first of your two ex- 
planations is the right one. The second one is not, because we have done 
a lot of diffusion-length measurements using, let's say, a liquid-junction 
technique, which does not change the sample at all. It is totally non- 
destructive. It doesn't heat it or anything. We take a sample with no 
junction, just measure diffusion length for an implanted sample. 
fusion length definitely goes up, and it's definitely a bulk effect. 
etch off samples and measure it again. The same sort of thing. 
some of the material and measure again. 

Dif- 
We 

Etch off 

FONASH: What energies are you using now? 

HANOKA: These are higher energies. I think 1500 to 1700 eV. 

FONASH: I think we have to keep that in mind - -  that you are talking about 
energies that are 1500 eV. 

HMlOKA: But I don't see where that makes a difference here. 

FONASH: Well, just last week we did some implants €or Westinghouse. We took 
a sample -- Westinghouse had measured the diffusion length by surface 
photovoltage - -  we did the implant and gave them the samples back. They 
measured the diffusion length by surface photovoltage and it didn't 
change. But we are down around 400 eV. 

HANOKA: We do find the diffusion length changes from sample to sample. It is 
a function of the kind of defects you have in the sample. 

FONASH: Well, I think an important point is, you are looking at your mater- 
ial, are you not? 

HANOKA: This is only on EFG now. 

PONMH: Right. And we are looking at web material, and the nature of the de- 
fects is quite different, is it not? In your materi-l don't you have a 
lot of defects that intercect the surface, and so one could think of con- 
duits that could carry thd hydrogen down into the bulk. 

HANOKA: That's right. 
I 
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FOtdASH: We have & different kind of material, so I think we have to watch an 
apples-and-oranges kind of comparison. 

W O K A :  Well, I still think it is apples, but I think it is Mcfntocb and 
Delicious. 

LOFERSKI: I Just wonder if tbe difference between your results and his could 
relate to temperature control. 

FOUASH: That*s what I think. 

LOFBRSKI: Dose up to 1017 Cp3 in one minute at 400 eV. That is a big 
jolt of energg, and the temperature may be fluctuating. 

FOIIASH: Well, of course it works the other way though, doesn*t it? You would 
think that we might get some regrowth if we are dumping all that hydrogen 
in in such a short time, but yet he is claiming that perhaps he*s got some 
regrowth. So I think it is going in the opposite direction. 

LOFBRSKI: If he has the same dose as you have for that long he is going to 
explode the surf ace. 

FOUSH: I think he is using the saae dose. 

W O U :  A factor of three lower. 

i '  
i 

I 

POHASH: Oh, is it a factor ob three lower? 

LOFEUSKI: A lot lees. 

FONASH: I think temperature ? e  the key to that difficulty. I don't think 
there is anything fuadamentallg significant in that. 
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His paper and visual 

CHEMICAL STRUCTURE OF MTBRFACKS 

Frank J. Gtunthaner 

! 

Jet Propulsion Laboratory 
California Institute of Technology 

Pasadena, California 

The interfacial structure of silicon/dielectric and silicon/metal systems is 
particularly amenable to analysis using a combinction of surface spectros- 
copies together with a variety of chemical structures of Si/SiO2, 
Si/SiOpSi+4, Si/Si2120, Si/Si02/Al, and Si/Wative Oxide 
interfaces using 3igh resolution (0.350 eV PWHII) X-ray photoelectron 
spectroscopy. The general stuuctiwe of these dielectric interfaces entails a 
monolayer chemical tcranbiticn layer at the Si/cielectric boundary, which 
consists of specific distributions of the intermediate oxidation states of 
silicon (Si+1, Si+2, and Si+3), which appear to bs related to local 
morphology of the silicon substrate. Amorphous Si substrates show a wide 
variety of hydrogenated Si and Si(OH)x states that are not observed in 
thermal oxidation of single crystal material. 
than 8 A in thickness are shown to be stoichiometric Si02, but to exhibit 
a wide variety of local network structures. In the nitrogen-containing 
systems, we see an approach to stoichiometric oxynitride compounds with 
interesting impurity- and electron-trapping properties. In native oxides, we 
find substantial topographical non-uniformity in oxide t.hickness and 
composition (e.g., a nominal 258 oxide can be shown to have 4 different 
areal distributions of Si02 ranging in thickness from 12 to 165 A). 
Analysis of metal/oxide interfacial layers is accomplished by analytical 
removal of the Si substrate by UHV XeFZ dry etching methods. 
question of the importance of the chemical state of the starting silicon 
surface to the final dielectric/silicon interface composition will be 
addressed in a series of experiments using covalent silicon surface 
substitution. Finally, the modification of silicon surface bonding and 
hybridization in the presence of sub-monolayer levels of transition metal8 
will be examined from the perspective of a modification in interfacial 
reactivity. 

Extended Si02 layers greatet 

The general 
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STRUCTURAL DEFECTS IN CRYSTALLINE SILICON 

Erhard Sirtl 
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j.1 Heliotronic GmbH 
Burghausen, Federal Republic of Gemany 

The basic photovoltaic properties of a given crystalline silicon specimen seem 
to be governed by density and nature of two- to three-dimensional lattice 
defccts. 
boundaries of more or less intrinsic character or second-phase precipitates 
from supereaturated solutions of carbon or oxygen. 
of both solubility and diffusivity in connection with their abundance in 
coamon refractory material syslem account for the predominance of the toso 
particular elements. Unsaturated dislocations of dilferent types very often 
can be seen as a consequence of the existence of more-dimensional defects as 
described initially. 

These are mainly generated by primary ~ r m t h  conditions as grain 

Considerably bigh values 

i The final petformanee of a solar cell, however, is dependent of the 
concentration and distribution of recombination-active centers in the 
differeat regions of this device. 
transition metals i n  form of either single atoms or simple complexes. 

Typical representatives are fast-diffusing 
.- t 

i 
Their avoidat.-, annihilation, or reaoval has been of great concern in 
different fields of electronic materials development for years. Presettly we 
are still in a very early stage of thorough comprehension in terms of 
interaction of metal atoms with the one- to three-&intensional crystal defects 
discussed. 
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RAI-CHOUDHUEY: M a t  needs to be improved in polscrystalline silicon, without 
paying a price for solar performance? 

SIRTI.: (First part of answer not rscorded) . . .wouldn't it be better to take 
a single crystal? It was not the alternative for us in this case, because 
we didn't work on that, and we didn't even plan to work on that because 
we wanted to create something that has to be much more economical in the 
future. But we were pleased to see that grain boundaries in general must 
not mean, from the beginning, a ierrible situation. If we optimize that 
over the years, in a certain way, we may vel1 end up with something that 
will just please us to be there. Ue have seen that people have managed 
rather well, or very well, i o  the meantime, to overcome the problem of a 
grain bounde-y running through a p-n junction. 
muld say I missed, that has not been brousht up explicitly around here, 
but it aay be a subject for some further meeting because, I think we would 
lean a lot of interesting things. 

That is one subject I 

SCiiUUTTKE: Bay I answer the pre-ious question, if you don't mind? I think 
that you should not confuse the electrical capture cross section of a 
defect as its capabili+p t o  getter impurities. These are two totally 
different situations. I think it is possible that y@u can getter imuri- 
ties, saybe by same mechanisa that I oon't want to go into right now, but 
that the electrical capture cross section fcr electrons of that partic- 
ular defect is totally different. You may be just fortunate in this 
respect . 

SIRZ'L: Your point is well taken. 
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Oxygen ana carbon are the predominant impuri t ies i n  Czochrslski- 
grown si l icon. Their concentrations usually exceeding those o f  any 
intent ional  dopants. The behavior of these impuri t ies during the heat 
treatments character ist ic o f  device processing generally detennines the 
defect morphology of the proceqsed wafer. As a r e s u l t  t h i s  topic has 
been considerably researched. This paper w i l l  review the topic s ta r t i ng  
with the incorporation o f  oxygen and carbon during crystal  growth and 
proceed to a discussian o f  device effects. 

Specif ical ly, methods f o r  control1 ing oxygen and carbon incorpora- 
t i o n  during crystal  growth w i l l  be discussed and resul ts  supporting 3 
segregation coe f f i c i en t  o f  k=0.5 f o r  oxygen w i l l  be presented. The 
nucleation and prec ip i ta t ion behavior o f  oxygen i s  complex. This paper 
w i l l  focus on temperature and doping level  e f fects  which add ins igh t  
into the r o l e  o f  point  defects i n  the nucleation process. Ir, general 
prec ip i ta t ion i s  found to be retarded i n  #+ and P+ si l icon. The types 
and quant i t ies o f  defects resul t ing from the oxygen precipi tates i s  o f  
i n te res t  as they are technologically useful i n  the process ca l led "in- 
t r i n s i c  getterfng". A comparison w i l l  be made between the avai lable 
defect s i tes and the quanti t ies o f  meta l l ic  impur i t ies present i n  a 
typical  wafer which need t o  be "gettered". Final ly,  a discussion o f  the 
denuded-zone, intr insic-gettered ( D Z - I G )  strr-+ure on device properties 
w i  11 be presented. 

Introduction 

Oxygen and carbon are important impurit ies i n  Czochral ski-grown s i1  icon 
as the defect morphology o f  a processed wafer of ten depends on the 
behavior o f  these impurit ies during the heat treatments used i n  device 
fabrication. I n  part icular,  denuded zone (DZ), i n t r i n s i c  gettering (IG) 
techniques (1) are used t o  improve the y i e l d  and performance o f  b ipolar 
and MOS devices. These D Z - I G  techniques t ransform oxygen i n t o  a 
benef ic ia l  impurity. Because o f  t h i s  technological importance the 
sub jec t  o f  oxygen i n  s i l i c o n  has been considerably researched and 
per iod ica l ly  reviewed (1, 2, 3 ) .  The present state o f  the a r t  includes 
the f o l  i owi ng observations . Oxygen i s  now considered a control 1 ab1 e 
impurity i n  Czochral ski (CZ) s i1  icon. Most supplies o f  s i l i c o n  wafers 
w i l l  supply material to a specif icat ion. Secondiy, there i s  an assort- 
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merit o f  published heat treatments which can be used on wafers to  develop 
a "denuded zone", i.e., a near surface region fret? o f  oxygen-related 
defects, and an i n t e r i o r  " i n t r i n s i c a l l y  gettered zone" where the pre- 
c i p i t a t i o n  o f  oxygen and related defects i s  promoted. Theso treatments 
involve heat treatments a t  dif ferent temperatures to outdi f fuse oxygen 
f o r  a denuded zone, nucleate and prec ip i ta te oxygen, and promote the 
growth o f  defects resul t ing from the prec ip i ta t ion process. Figure 1 
i l l u s t r a t e s  a typical  cycle. Although such methods allow f o r  the con- 
t r o l  o f  oxygen during processing, questions s t i l l  remain as t o  the 
fundamental aspects o f  nucleation and precipi tat ion.  This i s  evident i n  
the behavior of crystals grown t o  the same apparent oxygen content, but  
exhib i t ing markedly d i f f e ren t  prec ip i ta t ion behavior during device 
processes. Ta use a pract ical  example we have observed si tuat ions where 
given the same level  o f  oxygen content wafers from one supplier w i l l  
readi ly  prec ip i ta te during processing, whereas artother vendor's m t e r i a l  
rernains precipitate-free. Such observations have l e d  to an in terest  i n  
the ro le  of point  defects (i.e., vacancies and i n t e r s t i t i a l s )  i n  the 
nucleation process. Differences i n  precipi  ta t Ion behavior are thought 
t o  be related to  the ef fect  of the thermal cycles, a crystal  receives 
i n - s i t u  i n  the grower, on the point  defect populations (4). The r o l e  o f  
carbon as a prec ip i ta t ion promoter i s  also being studied (5). 

Another recent area o f  i n te res t  i s  the behavior o f  oxygen i n  N+ and P+ 
si l icon. The use o f  N/N+ and P P +  epi tax ia l  s i l i c o n  wafers f o r  NMOS and 
CMOS devices ( 6 ,  7 )  has stimulated research i n t o  t h i s  area. Beyond the 
inmediate technological importance studies o f  N+ and P+ si1 icon provide 
another avenue t o  evaluate the r o l e  o f  point  defects i n  the nucieation 
process. 

This paper w i l l  review the topic s tar t ing with oxygen incorporation and 
proceed t o  device ef fects wi th an emphasis on newer results. 

Oxygen Incorporation 

The quantity o f  oxygen incorporated i n t o  a growirg crystal  i s  a t  any 
point  i n  time a function of the segregation coef f ic ient  and the oxygen 
content i n  the molten s i l i con  (melt). The melt Concentration depends on 
the erosion rate o f  the quartz crucible and the evaporation o f  Si0 from 
the melt-ambient interface ( 8 ) .  Although the erosion rate i s  tempera- 
ture dependent i t  i s  s ign i f i can t l y  increased by the presence of con- 
vection currents i n  the  melt. I n  large crucibles character ist ic o f  
industr ial-scale growers thermal convection ef fects are usually larger 
than those from forced convection. Given the Grashof number as an index 
of  themal convection (9).  The me1 t turbulence tends t o  be reduced as 
the level  o f  the me1 t decreases i n  the crucib; e during growth. A1 so, 
the surface area which i s  eroding simultaneously decreases. The net 
r e s u l t  i s  a decrease i n  the oxygen content o f  the melt. However, meth- 
ods t o  a l t e r  the erosion rate o r  otherwise control the melt oxygen con- 
ten t  have been found. These include the use o f  magnetic f i e l d s  to sup- 
press convection currents i n  the melt ( l o ) ,  double crucible techniques 
(11) which provide a constant erosion ra te  and surface area o f  an inner 
crucihle, and reduced a d i e n t  pressure growth (12).  I n  short, tech- 
niques ex i s t  which improve the uniformity o f  oxygen i n  an as-grown CZ 
crystal  by 1OX compared t o  unrefined CZ growth prczesses. 
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Beyond melt dynamics the influence of impur i t ies on crucible erosion 
needs t o  be considered. The carbon reduction o f  Si0 i n t o  CO and Si0 
has already been shown to be a favorable reaction (8).  Thus, higher 
leve ls  o f  carbon i n  the melt  increase the erosion rate. Note t ha t  since 
carbon has a low segregation coe f f i c i en t  (kt.07) it tends t o  enrich i n  
the melt as growth proceeds thus increasing the crucible erosion rate. 
We have noticed a s imi lar  e f f e c t  f o r  boron. As seen i n  Table I crysta ls  
grown with high leve ls  o f  boron tend to exh ib i t  a higher oxygen content 
when grown under otherwise ident ical  conditions. This i s  a t t r ibuted t o  
the glass forming properties of boron because s imi lar  melt leve ls  o f  
antimony a non-glass former do not increase the level  o f  oxygen. This 
f a c t  needs t o  be considered when comparing the behavior o f  P-, P+ and N+ 
crystals. It cannot be t a c i t l y  assumed ident ical  growth conditions 
r e s u l t  i n  ident ical  oxygen levels. 

Fundamental to understanding dopant incorporation i s  an accurat: V a l  ue 
f o r  the segregation coeff ic ient .  For many years the value fo. oxygen 
was generally accepted as k=1.25. Such a value was extracted from the 
axial  d i s t r i bu t i on  o f  oxygen i n  an as-grown crystal.  However, i n  hind- 
s igh t  the substantial var iat ion i n  melt oxygen content due t o  the con- 
vection effects j u s t  discussed render such an approach inval id.  Recent 
experimental work by L i n  (13) suggests a value o f  k-0.25. We have cal- 
culated k from f i r s t  p r i n c i  l es  and re-evaluated ex is t ing s o l u b i l i t  5 data for the l i q u i d  and s o l i  a phases and s im i la r l y  conclude k=0.5 - + .2 
(14). 

A re lated issue to the incorporation o f  oxygen i s  the method by which i t  
i s  measured. The mostl common method i s  i n f r a r e d  ( I R !  absorpt ion 
measurements a t  1106 un . However, the measurement i s  sensi t ive only 
to oxygen i n  i n t e r s t i t i a l  l a t t i c e  s i tes and needs t o  be cal ibrated with 
another analyt ical method. I n  fact, f i v e  ca l ibrat ion constants have 
been reported (15, 16, 17, 18, i91. Secondary Ion Mass Spectrometry 
(SIMC) and Charged Par t i c l e  Activation Analysis (CPAA) have also been 
used for oxygen determinations. I n  our experience the CPAA does seem t o  
indicate more oxygen than the I R  method by about 50% (Table I ) .  How- 
ever, due t o  uncertaint ies i n  the ca l ibrat ion o f  each technique and the 
oxygen inhomogeneity w i t h i n  a sample i t  i s  unclear whether a r e a l  
d i f f e r e n c e  i s  present. Evidence o f  a r e a l  d i f f e r e n c e  comes from 
Jastrzebski (20) who has heated wafers a t  high temperatures (1200- 
1300°C) and observed increases i n  the I R  oxygen content o f  up t o  2Y. 
This indicates a substantial amount o f  oxygen i n  non- interst i  t i a ?  s i tes 
i t i  the as-grown c r y s t a l .  However, we have n o t  observed a s i m i l a r  
increase upon heating i n  our crystals. This leaves open the question o f  
whether prec ip i ta t ion differences i n  material are due t o  nucleation 
ef fects  or simply a dif ference i n  oxygen content. I f  the l a t t e r  i s  t rue 
i t  means any ca l ibrat ion constant f o r  I R  measurements i s  good only f o r  
the vater ia l  on which it was produced. 

Nucleation and Prec ip i ta t ion 

The par t icu lars  o f  the nucleation process have been a sourcc o f  contro- 
versy f o r  some time. Discussions have centered on whether the nuclea- 
t i o n  i s  hwogeneous o r  heterogeneous and i f  heterogeneous the nature o f  
the nuclei. Specif ical ly, thc r o l e  o f  i n t e r s t i t i a l s  and vacancies. 
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Ins ight  i n t o  these questions can be gained from a study o f  N+ and P+ 
s i1  icon. 

We have observed (6) as has De Kock and van de Wijgert ( 7 )  t pa t  precipi3 
ta t i on  i s  suppressed i n  N+ s i l i c o n  above a doping l eve l  1x10 
when heated a t  high temperatures (T=100O0C). However, given a sui table 
heat treatment (24 hr-7W0C, 24 hr-9W°C, refI96) preciPjtates can be 
formed. A t  s t i l l  higher N+ doning leve ls  (5x10 atuns/aa no precipi-  
tates are observed even given the heat treatment j u s t  described. Fur- 
thermore, the lack o f  prec ip i ta t ion i n  N+ s i l i c o n  i s  not due to a lower 
oxygen content as discussed i n  the p r i o r  section. Addit ional ly, we have 
found tha t  p rec ip i t a t i f l  i s  retagded, but  not t o t a l l y  suppressed, a t  
doping leve ls  14)f 5x10 3atoms/an f o r  boron-doped s i1  icon. Doping 
leve ls  05 9x10 atoms/an s t i l l  exh ib i t  p r e c i p i t a t i m ,  but a t  densit ies 
up to 10 less than densities i n  P- samples given the same heat t reat -  
ment (Figure 2). These resul ts  are consistent w i th in  a framework o f  a 
vacancy model. Vacancies i n  s i l i c o n  e x i s t  i n  three charge states and a 
neutral configuration (211. The levels  are shown i n  Figure 3. For 
n-s i l icon a movement o f  the Fermi leve l  towards the conduction band 
means negatively charged vacancies becow the dominant po int  defect. I f  
these negative vacancies pai r  wi th opposi tely-charged dopant atoms then 
they are unavailable f o r  nucleation as proposed by De Kock (7 ) .  I n  p 
s i l i c o n  a s i m i l a r  movement o f  t he  Fermi l e v e l  w i l l  n o t  produce a 
daninance of positively-charged vacancies as the energy level  f o r  the V+ 
l i e s  much closer t o  the valence band edge. So even a t  high p doping 
leve ls  some neutral vacancies s t i l l  e x i s t  so some prec ip i ta t ion does 
occur. The available data does not conclusively prove the r o l e  o f  
vacancies, but does indicate the r o l e  o f  point  defects having asymnetric 
energy leve ls  wi th in the band gap. 

atoms/cm 

Device Issues 

OZgIG lveatmeny produce bulk stacking f a u l t  (BSF) densit ies i n  the 
10 -10 BSF/cm rang$. Jpical met311ic impurity contents o f  processed 
wafers are i n  the 10 -10 atoms/cm (22 ) .  A t  e i ther  9 x t r p e  complete 
capture ( g e t t e r i  ng) o f  impur i t ies by defects requires 10 -10 atoms/BSF. 
Given a ty_8icaleBSF circumference o f  10 microns a f a u l t  need on ly  
capture 10 -10- atoms/8. Thus, the f a u l t  need only r e t a i n  a rela- 
t i v e l y  few atoms along i t s  perimeter. This does not appear t o  be the 
l i m i t i n g  feature o f  i n t r i n s i c  gettering. The l im i ta t i ons  o f  IG probably 
stem from other sources. F i r s t ,  although BSF do exh ib i t  a net capture 
of impur i t ies it i s  not known how e f f i c i e n t  t h i s  process i s  compared t o  
other capture processes such as ion pai r ing i n  phosphorous gettering. 
Secondly, the capture o f  a meta l l ic  impurity a t  a BSF does not neutral- 
i z e  it e lec t r i ca l l y .  Rather removal o f  a me ta l l i c  impurity from the 
depletion region o f  a device t o  a BSF i n  the i n t e r i o r  0-r the wafer 
resul ts  i n  the impurity being changed from a factor i n  d i f fus ion rather 
than generation current. As such a net improvement i n  junct ion leakage 
w i l l  resul t ,  but  the leakage current w i l l  now be a function o f  OZ width. 
Increasing the DZ width can only be accomplished up t o  h a l f  the th ick- 
ness o f  the wafer a t  the zxpense o f  the number o f  get ter ing sites. The 
I G  reg ion  remains a reg ion o f  h igh  recombination f o r  photoexci t e d  
carr iers. 
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Conclusion 

I n  spite of considerable research i n to  t h i s  topic f u l l  and f i na l  answers 
t o  some questions are s t i l l  not obtainable, but  there exists a suf- 
f i c i e n t  body of data and in fo rmat ion  t o  successfu l ly  c o n t r o l  the 
behavior o f  oxygen i n  Cf si l icon. I n  part icular,  the study o f  heavily- 
doped si1 ican offers new insights i n to  nucleation and prec ip i ta t ion 
processes. 

J 

i 

' I  
i 

. l  

.- 



n+ (.02 ohm-an.) 

rw (.02 ohm-an.) 

p- (5 ohm-cm.) 

p- (5  ohm-cin. ) 

p- ( 5  ohm-an.) 

pi t.01 ohm-an.) 

p++ ( .001 ohm-cm.) 

p++ ( .001 ohm-an.) 

Table I 

IR - 

Comparison o f  Oxygen Contents o f  Si l icon 
as a Function o f  Doping Level and Type 

1.1x10l8 

0 . 8 ~ 1 0 ~ ~  
18 1 .ox10 

CPAA 

1 .5x10r8 

- 

1 .9x10l8 

1 .5x1Ol8 
18 2.1x10 

1.1 x10l8 

1 .3x1Ol8 
18 2.7~10 

2 . 5 ~ 1 0 ~ ~  
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DISCUSSION 

-. 

SAH: The denuded zone gettering -- can you have a heavily doped region there 
that also could be used as the region for intrinsic gettering, like the 
region you are talking about where eventually you have a large conc;n- 
tration of metallic impurities? 

PEARCE: Are you asking if you can have a denuded zone in something very 
heavily doped? 

SAH: Yds. Denided zone in front of a very heavily doped region; that heavily 
doped region is the region that would getter. 

PEARCE: The structure that I mentioned earlier, the pp+. One of the reasons 
that it works so well is that we farm a denuded zone in the p+ sub- 
strate, and then ).he heavy doping plus the precipitation there captures 
all the impurities. That turns out to be a very efficient structure for 
impurity capture. The heavy doping then reduces minority carrier concen- 
trations so there 8.8 very few electrons available using the doping level 
for diffusion current. This is why we get these fantastic lifetimes. 

LESK: Could you not measure the distribution coefficient of oxygen in silicon 
directly by using one of the meit refreeze techniques, where within a 
matter of five or 10 seconds you have melted and refrozen, an6 jvst look 
at the difference in oxygen content on either side of the interface? 

PEABCE: Yes. I guess you could. We were lookiug for a fast answer and did 
some of the things we had done and when elected to do the variation of 
pull rate -- it's just amazing that we had the wrong number for so many 
years. 

SWANSON: Some one, years ago -- : think it was Rohatgi - -  reported that he 
was able to lower the oxygen concentration with HC1 oxidations below the 
solid solrWlity at 125OOC where the oxidations were being done. We 
took some Cz wafers, 100 micrometers thick, and repeated his treatment, 
which occording to the report would have depleted the oxygen almost com- 
pletely from the wafer, and also gave a fldat-zone wafer the same tredt- 
ment. The float-zone wafer had a high lifetime after this and the Cz 
wafer did not. 
or what we did wrong? 

Do you have any feeling aeybe why that would be the case, 

PEARCE: The work with the HC1 -- I was involved in that with George Rozgonyi 
-- and we had done some ctuff each way. 
and nt that time it looked like the HCl did give a pronounced improve- 
menC. 
that. I think, in retrospect, we were just seeing some smples of sample 
fluctuation. Maybe the role of the HC1 wasn't as large as we had origin- 
ally exoected. There is (L recent paper out of Penn State, and s m e  
others, which shows that in the presence of chlorine, at high t a  ?era- 
tures, the diffusivity of oxygen is increased, and they have an inter- 
stitial vacancy model, so I guess it does have an offect. I guess it is 
an effect mc.stly on the diffusivity rather than on anything else. 

We did it with and without HC1 

We even had some charged-particle data that seemed to support 
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SWANSON: Then you really 888 no strong evidence that the oxygen concentration . I  is below solid solubility at the processing temperature? 
I PEARCE: It is probably not below the solid solubility. 
I 

MI-CHWJDHURY: There is some evidence that this oxygen precipitates, although 
these precipitater behave as recon3instion sites or generation sites. 
Especially if you put in diodes, looking at the diode characteristics. 
you have any data to show what kind of electrical activity these precip- 
itates have? 

Do 

Can you comment on that? 
i 

PEARCE: We don't have any direct evidema on the precipitates. There was some 
early BBIC work by Kimmeriing at l4ur:ay Hi11 that showed decoration or 
impurities around the circumference 02 the fault, so that has been more or 
less proved. There was a'rsc some work by - -  I think it was Varker, out 
of Motorola -- doing some 4iode measurttrnents on things tha: were precipi- 
tated with no extended defects and it c'id show 2 degradation in lifetime. 
I personally have not done anything, but there are some data that suppcrt 
that the precipitates apparently attract metallic impurities as well as 
gettering centers and show the same effoct. 

LANDSBERG: Do you have any views about the incorkw2+3?? of defects as you 
lower the temperature? After you have had a high SfJhbility at a higher 
temperature, some of these oxygen -- or defects of ::mi k.nd - -  wiil get 
incorporated? 
whether there are some rules or some laws 078 t!iat. 

I am looking for people who knew how to dercribe this or 

PEARCE: One of the things we felt, at least with metall?(: imprrities, is that 
-- WB call them saucer pits, fog, haze, things like this -- you go through 
an oxidation, do an etch, you find a small density of p a t s .  One of the 
things we have found is that metallic i::.purities will pre ::.itate very 
rapidly, so that if you cool the material fairly slowly, starting at some 
high temperature down to some low temperature, you can precipitate the 
metallics, or so-called saucer pits. But now, since tho&- are not in 
solution, the lifetime tends to go up in many cases. 

in solution -- the lifetime is low. So a lot of the effects people see 
with leakage currents and lifetime in silicon deal with how they cool the 
material out of the furnace, and the particulars of the metallics that 
they have present. But even very small changes in pull rate will dramat- 
ically affect the amount of precipitates that form. 

On the other hsnd, 
If you quench the material -- very Wapid cooling keeps all the metallics I 

I 

I LANDSBERG: Right. Are there any sort of systematic studies with this? 

PBABCE: There is some good work in some of the semiconductor silicon series, 
like 1981 Blectrochem Soziety, on defects in silicon -- out of the San 
Pzancisco meeting, I guess, last year. Yes, there are some paprtrs I can 
give you the references.on. 

I 

i TMtDSBH&G: But there is no single law that kind of transpires 6s a result of 
all thia, like In my talk I used -- a number of times -- lt tcs a m  energy 
divided by some temperature? i 
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PEARCE: We'l, there is soam work by Graff and co-workers who b o k  at how these 
You can things precipitate as a function of solubility and diffusivities. 

start with that kind of information and see how sostething like a titanium 
m u l d  precipitate relative to an iron, and be has been able to predict 
that S;)?BQ of the metallics will be haze formers, etc. That is pretty good 
work. That is published in a 1981 volatse. 

CHBNG: X just heard you mention that the wafer can be denuded up to 100 
micrometers. This seems to ring a bell for solar-cell people, since 
people can make a four-mil cell thickness. 
that is processed? 

Could you say soam more how 

PEARCIS: Yes. It basically is a tiae-temperature thing. We did a lot of 
denuding up at 12SOoC, and at that temperaturs, if you go for sotmething 
20 hours, or whatever, one can denude into some very high thicknesses. 
On thib graph hdre, Curve No. 1, is the work we dit. at 125OOC and at 
several hundreds of minutes you caa get up over 100 ni:rometers aenuding. 
There is a book out, VLJLI Technology, edited by S.M. Sze, and the first 
chapter has the erperhental data at 125OoC versus ti=. 

SAH* T have j u s t  one more question: p-p process gave very good results, so how 
about nn+ or pn+ or np+: 
expect the same O K  dii'ferent results? 

15 there any indication that you m u l d  

PBARCE: The problm n on n+ is thzt it doesn't precipitate, of course, 
and we had a pa;. - L ~ ~ ~ t  wre published, YLSI," it was in the Electrochem 
Detroit meting, t.#e first .%SI Spriposiun, in 1982. The problem with a 
on u+ is that there are no iotrinsic getter s-tes, so all the impurities 
tend to go to the surface and you get 9 lot of precipitates at the sur- 
face, an6 il- is very poor mterial. To get the so-called intrinsic get- 
tering to L, ;k in nn+ you have to go up to something above 5 x 
There has been some work published 02 phosphorus eettering as to wheL 
concentrstion level you need. It is around 5 f so you have tc 
get a substrate level up to there. There was some work at RCA where they 
did that. 
were quite high. It is j?rst difficult to routinely grow epitaxial layers 
and grow background doping at those. high levels O P  srsenic or phosphorus. 
Furthemore, the c-ystal growers don't like to grow crystals like that 
be?ause of the hszards. But, yes, it does work iC you get up to that 
level. 

They grew s m 6  layers on some n++ material and the lifetimes 

SIRTL: Yo*i mentioned this distribution coefEicient of oxyken. I would have 
some d x e d  feelings if you would call it t'ieoretical digtribution coeffi- 
c!ent,. If it is the effective distritution coeZficienG for Czochralski 
prlling, that woula certainly be all right. 

PBABCI: I would agree with that. 

3IRTL: The work of a Japenese scientist was an outstanding contxibution to 
,his particular gc.nt. 
oxype?l during zoning so that he got the ideal conditionp in terms of 
oxygen incorporetfon. And if you'll just member tho diagram I shotc'e4 
during my t - . ' *  in this case, ingot solidificat;on in a m&,d is d neucly 

What exactly he did was, he avoided escspe of 
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ideal condition in this respect. 
found a distribution coefficient hi6her than 1, aad that was not just 
once. so I think that from the ideal standpoint, the Japanese work is 
really the true theoretical value. 

You u y  have seen that we indeed have 

CBbpcB: Yes. I think one of the things that make peopie accept that is that 
if yo0 take the slope of that one plot that we presented witn the 
unrefined c'eochralski &rowth, seea versus tail. and then use classic 
solidification theory to extract a k from that, you usually do set 
something greater than one. 
though what is called the effective value in Crochralaki is probably 
smthing lower and was clouded by all the variation of oxygen within the 
melt. 

So that tended to reinforce that, even 

So I would agree with your CoePents. 

I 
I 

i 
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ABSTRACT 

In this paper we first discuss the effects of oxidation of Si which estab- 
lished that vacancies (V) and Si self-interstitials (I) coexist in Si at high 
temperatures under thermal equilibrium and oxidizing conditions. Some essential 
points associated with Au diffusion in Si are then discussed. Analysis of Au 
diffusion results allowed a determination of the I-component and an estimate of 
the V-component of the Si self-diffusion coefficient. A discussion of theories 
on high concentration P diffusion into Si is then presented. Although presently 
there still is no thoery that is completely satisfactory, significant progresses 
are recently made in treating some essential aspects of this subject. 

! 

I 

1. INTRODUCTION 

Atomic diffusion in Si can proceed via both direct and indirect mechanisms. 
Impurity atoms having no strong bonding interactjons with Si atoms, and are 
hence located exclusively in interstices, can jump directly between the+inters- 
tices. Species such as H, He (and presvmbly other aoble gases), and Cu and Au 
(pres-noably the Cu and Au interstitials, respectively) are supposed to diffuse 
in this manner. Oxygen atoms, though possess strong bonding interactions with Si 
atoms, are also believed to diffuse directly by jumping between the bond-centered 
interstitial positions. By contrast, substitutional impurity and self-diffusion 
in Si need intrinsic point defects as diffusion vehicles 
mechanism is known LO control >elf-diffuskcn in metals h. :n Ge, and, as will 
be discussed, in Si below about 1000 C. Abcve 1000 C ,  hawcger, the interstitial- 
cy (I-) mechanism plays a prominent role in Si self-diffzsion as well as in the 
diffusion of substitutional dopcnts P, B, A1 and Ga. 

+ 

he vacancy (V-) 

0 0 

The nature of the domfnant point defect spe-ies in Si at high temperatures 
has been a long contrcversial subject, though it i c  clear that there can only be 
three possibilities: V only, I only+, and I end \I coexist. The controversy arises 
for two reasons: (i) Presumably because of the small point defect concentrations 
in Si, direct experimental methods have no: been helpful. There is no reported 
absolute measurement (1) resuits, and there s only one very recently reported 
quenching result ( 2 )  which indicated :he prsence of V (in the opinion of the 
pr ent authors, howe-Jer, th.s dces not imply that I do not exist); (ii) Theore- 
tical calculaticns, rihich are mc,re suitable for low temperat e C , S C S ,  have not 
yielded the needed =5eV activation entnalpy and the =10k (h: B2ltzinann constant) 
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activation entropy commonly observed for Si self-diffusion. There were several 
early discussions associated with some aspects of the pdssibility of I and V 
coexisting in Si: Seeger and Chik ( 3 )  cogsidered that 1 and V nay be contribu- 
ting equally to Si self-diffusion at 800 C; Prussin ( 4 )  considered that I and V 
should reach a local dynamical equilibrium under oxidizing COlld.i.t~onS; Hu (5) 
considered that B should be diffusing in Si via an I-mechanisT. while As via a V- 
mechanism at high temperatures. In the last few years progesses in tvo areas 
helped to clarify our understanding of the nature of point defects ar:d diffusion 
processes in Si considerably. Analyses oi oxidation effects on stacking fault 
(SF) growth kinetics (6,7) and on dopant diffusion (8-10) showed beyond reasona- 
ble doubt that I and V coexist in Si at high temperatures under thermal equili- 
brium as well as oxidizing conditions. Analyses of Au dirfusion in Si snowed 
that I must exist (11,121 and tbat the features are totally consistent with the 
idea that I and V coexist (13). Studies of Au diffusion into dislccation-free 
Si allowed to determine the I-component (14) and to estimate the \’-component 
(15) of the Si self-diffusion coefficient. In this paper the essential points 
associated with these two areas are first discussed. We then examine theories on 
high concentration P diffusion into Si. For various reasons, we believe that 
there is still no satisfactory theory. However, progresses have been made in 
treatirg some essential aspects of this subject. 

2. OXIDATION EFFECTS 

! 

Oxidation of Si surfaces leads to tne so called oxidation-enhanced and 
-retarded diffusion (OED and ORD) of the substitutional dopants and to the gene- 
ration of the oxidation-induced stacking faults (OSF). These phenomena need to 

(5,16). It has been shown that a consistent interpretdtiun of the data on OED/ 
ORD phenomena is not obtained if either I or V alone were assumed to be presegt 
under thermal equilibrium Conditions (10). Therefor( f o r  our present purpose, 
we consider that I and V are both present in S i  at i l i gh  temperatures under ther- 
mal equilibrium conditions. This requ’res that we consider I and V have attained 
a local dynamical equilibrium condition ( 4 , 1 7 ) ,  which was actually fulfilled for 
long time experiments (8-14,18,19). The condition is given by (17) 

I 

i be considered together and are due to ihe fact that oxidation injects 1 into Si ’ I  

where CI and C 
ript eq dcnotes thermal equi1ib:ium values. Eq. (1) is arrived at via the 
react ion 

denote the I and V concentrations respectively and the supersc- v 

(where G dengtes the ideal lattice) under steady state conditions. Using some of 
the more rel.iahle OSF size data (20-221, phenor.enologica1 but sat,sfactory ana- 
lyses of the OSF growth!shrinkcs;e kinetics have been carried out (6.7).  Define: 
the i and V supersaturatlon ra!:ios respectively as 
S =C /Ceq-1 

S =f’ /Ceq-l and I “I I during the oxidation, we obtain ( 7 )  V V V 

- ( 2  ( - 2 ~  dRSI; ) = -(D,CTq + D Crq)j$ + DICE9SI - DVCtqSV 
An V Y  

ef f  
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for the OHg wijh a radius R 
(6.38~10- 
energy (O.O26eV/atom). The dimensionless qaantity a has a numerical value of 
=2 and contains all factors related to interaction potentials between I and the 
Frank partial dislocation binding the OSF. Emperically, for (100) Si wafers 
oxidized in dry 0 

. Here A is the2'jrea per atom in the fahlt 3 cm ), n the ato%c volume (2x10- cm ) and y the stacking fault 

ef 

the OSF sizes are fitted satisfactorily by (6,7) 2' 

2.5eV 3/4 5.02eV )t cm. kT RSF = 1640exp(- k~ It - (4) 

We use Eq. (1) to relate SI and Sv by S =-S /(1+S 1 .  A comparison of Eqs. (3)  
and (4) then yields (8,9), V I  I 

(5) 
-9 -114 

S;2 = 6.6~10 exp(2.52eV/kT) t , 
where the superscript 02 denotes the fact that this quantity is only suitable 
for (100) wafers oxidized in dry 02. Eq. ( 5 )  is a most important piece of infor- 
mation obtained from OSF studies: it is used to obtain quantitative fittings of 
OED/ORD data. S 
the actlial OED/6RD data f isbins is obtained by replacing the prz-exponential 
value in Eq. (5) by 8.8~10 and by noting that t then denotes the oxidation 
duration. 

is an instantaneous value, the time averaged vi 1 de s used in I 

In the presence gf both I and V, the substitutional dopant diffusivity is 
given by 

S S DS = D + Dv, I 
where DS and DS are respectively the I- and V-component of the dopant diffcsi- I V vity. Under an oxidation which perturbs the thermal equilibrium I and V concen- 
trations, the dopant diffusivity changes to 

DS = D;(CI/C;q) + DG(Cv/C7). (7) 
s s s  In terms of the normalized diffusivity enhancement defined as A =D /D -1, ths use of Eqs. (1) and ( 7 )  yields (8,lO) ox ox 

where G is the fractionai I-component of the dopant diffusity under thermal 
equilibriuw conditions defined as 
diffusion enhancement. In experiments tfie time averaged value A is measured, 
but Eq. (8) still holds to a good approximation by having S us% together with 
hs A plot of Eq. (8) is shown in Fig. 1 for three G values. The value af is 1 ox igxeither positive or negative (OED or ORD) depending on the value of GI and 
S . I n  Fig. 2 we show 4 fitting of svailable Sb ORD data to Eq. (8). It is seen 
tfiat the fitting is quite satisfactory on 7 quantitive basis with G =0.02. This 
kind of good fitting indicates that the model of I and V ccexisting and attainec! 
local dynamical equilibrium is correct, particularly in light of the fact thst 
no other reasonably thought of model cap be equally satisfactory (10). The use 
of Eq.  ( 8 )  allows to determine G fo- a dooant at a given temperature. S0u.e such 
-ralues have been given elsewhere (15,23,241. To briefly summarize, it is fouqd 
thst the I-mechanism plays a prominen; rol.? in the diffusicn of B, Ga, P and A I  

I s s  GI=D /D . Eq. ( 8 )  applies tosan instantaneous 

I 

I 

I 
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at hi-h teqeratures, i.e., Gls0.5 for these dopants at a tempzrature above 
llooo~. 

The above discuss!w applies for experimerits with sufficiently long oxida- 
tion times. For short oxidation times, a transient exists for I and V to reach 
the !oca1 dynamical equilibrium. This is due to the presence of an energy barrier 
against I and V recombinations. The existence of such an energy barrier was sug- 
gestec by Wertheia (25) to explain the fact that the rate qf A-center (E -0.16eV) 
producLion by high energy electron irradiation is strongly dependent upoh the 
irradiation temperature (below room temperature). For high temperature cases, Hu 
(26) suggested that such a barrier of a few t o  several eV may exists, so that t o  
a large extent I and V may behave indenpendently. The ?xperirnents on ORD of Sb 
(18,19) shown in Fig. 2 demonstrated that for oxidation times longer than a few 
hours local dynamical equilibrium according to E q .  (1) is reached. By performing 
similar experiments for shorter times (5 Eo 60 min.) Antoniadis and Moskowitz 
(9) shoEed that Eq. (1) is not readily satisfied when oxidatil-- first started. 
At 1100 C they found a small OED for a 5 min. oxidation which gives way to ORD 
for an oxidatio.1 longer than 10 min., and, the diffusion retardation approachts 
the value expected for local dynamical equilibrium. at about 60 min. Their fin- 
dings may be rationalized as follnws: during oxidation I are injected into Si by 
the Si0 -Si interface but it takes about 1 hr at llOO°C for I - V  recombination to 
proceed to such an extent that local dynamical equilibrium is reached. As a con- 
sequence, at tbe oegining there is no V undersaturation so that the oxidation 
' 'uced I supersaturation enkances Sb diffusion via the small I-component of its 
: ifusivity (G ~ 0 . 0 2 ) .  

2 

I 
We use Waite's theory of  difiusion controlled reaction i 2 7 )  to obtain from 

an estimate Jf to establish the local dynalnical equilib- 

present. With D 
E q .  (9) yields shorter than observed. We there- 
fore conclude by the overcoming of a recom- 

rium in the 

IV 

bination barrier that exceeds the Gi$ba free energy of diffusion (of I and V) by 
AG. In this picture the factor cf 10' by which the experimental T value differs 
from that estimated from Eq. (9) arises from the Eoltzmann factor exp(%G/kT). 
Antoniadis and Moskowitz interpreted their observation in terms of an enthalpy 
barrier corresponding to AHz1.4eV assuming that in the expression 

the entropy contribution is negligibly small. By contrast, Gasele et al. (28)  
proposed that the main part of AG criginates f r u m  the term TAS where AS is nega- 
tive, i.e., from an entropy barrier, Whig& is due tu a ronsidcretion of the large 
pre-exponential fsctor sssocfstod w+th D . 

Irrespective OE the detailed origin ;.f the barrier. with AG=1.4eV, the bar- 
for establishi9g the local dynamical equilib- b-r' ri:?- limited reaction cime, T 

7 jetween I and V is given f;y 

E 

! 
I 

! I 

i 

t 
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SD = (R,l4aD r )ex~(1.4eV/kT). IV T bar 

Eq.e&ll) is plotted in Fig. 3 using DSD=0.5(D Ce'+DyCeq) ,ith the quantities 
DICI and DvCcq taken from Eq. (21) which wilf 6e discussed. 'Lt is seen that T 
increases rapidly with a decrease # s f  :he temperature and attained values of 2, 
17 and 170 days at 1C3C, 9513 and 900 C respecc5vely- Zven if it is assumed that 
these results are over-estimated by a f . i . t o r  of 10, T values arc still Shrs, 
1.7days ana 17days at 1000, 950 and YvO C respectively. One significance of this 
finding is that in +he expression 

J -v 
bar 

0 

0 bar 

the quantities C and Cy, arising from experimental perturbation of the respec- I tive thermal equilibrium values, are -- not related bv Eq. ( 1 )  ih. Tn experiment 
performed in such low temperature range and having time durations much less than 
the appropriate T values. For device processing in the temperature range of 
850 to 950°C fcr $"few hrs, should there be m y  rtdson that the point defect 
thermal equilibrium values are perturbed, the change only applies to the pertur- 
bed species independently, i.e., I and Y need to be considered as not having 
attained the local equilibrium condition. 

The fact that I-V dynamical equilibrium is attained extremely slowly at 

V lower temperazures offers the possiblity of measuring the quantities D and D 
independent of e x h  other and independent of the I and V concentrations. There 
already exist some OSF and OED/ORD experiments conducted with the intention of 
measuring D, at 1100 C or above (29-31). However, becaus2 of the temperatures 

I 

0 

and oxidatibn times involved, I-V local dynamizal equilibrium should 
reached in these experimznts and we have shown that such experiments 
effective diffusivity given as (15,24,32) 

eq instead of D,.  Depending upon the relative magnitude of Cfq and C,, , 

have been 
yield an 

(13) 

which are 
unknown quantities themselves, Eq. (13) may yield an apprbximate ;slue for either 
DI or D . Gle have argued that the diffusivity values obtained from these experi- 
msnts (Y9-31, should be interpreged as D (24,32). However, for the lower tem- V perature range, e.g., 850 to 950 C, the I-V local dynamical equilibrium w!-.l 
not be reached for an experiment involves less than a day's time. For such Lases, 
effects associated with dopant diffusion or stacking fault growth would be solely 
due to the point defect species wt.qse thzrmal equilibrium concentration has been 
perturbed by the experimental condition. This means the other species does not 
contribute to the EPT --nentdl deviations observed if its thermal equilibrium 
concentration has nc jeen also directly perturbed by the experimental condition. 
We can nov suggest an experiment to directly determine D Higri concentration P 
diffusion into Si proceeds efffciently in the temperature ratlge noted above and 
the diffusion causes a quitd high I supersaturation in the Si interior. Thus, 
experiments similar to those performed for OED/ORD and 9SF (19-31) can be carried 
out at the low temperature range (850 Lo 950 C) with surface P diffusion repla- 
cing oxidation to obtain DI. Similarly, D 
interface reaction which injects V into SY. Presently we do not know with 

1: 

0 

can be determined upon finding an 

t 

i 

L 

f' 
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certainty of such a reaction. 

3. DIFFUSION OF GOLD INTO DISLOCATION-FREE SILICON 
i 

Gold atoms, which under thermal e. uilibriim conditions may b$ incorporated 

1 
in Si either as substitutional (Au :Au 9 -) or intersticial (Au.:Au ) atoms, may 

S diffuse via either the kick-out mechanism (11) or the Frank-Turnbull mechanism 
( 3 3 ) .  The two mechanisms have in common that long range transport of i\a atoms 
occur via migration of Aui atoms which may either jump from interstice to inter- 
stice to remain as Au atoms or from interstice to lattice positions to become 
Au atoms. This is true because though the thermal equilibrium concentration of 
AuS is much larger than that of Au 
that of Au and hence long range transport of Au may be ignored. However, the 
two mechanfsms differ in the ways Aui and Au atoms interchange. In the kick-out 
mechani the interchange involves I according to (11) 

i 

thz mobility of Au is much much larger than 
S i' i 

S 
S 

Au Au + I. (14) i S 

This mechanism creates an I supersaturation in the crystal which is balanced by I 
out-diffusion. This means if the mechanism is operative than I are involved in 
Si self-diffusion but it does not a priori mean that V are not contributing to 
Si self-diffusion. In the Frank-Turnbull mechanism the interchange process invol- 
ves V according to (33)  

Aui + V Aus. (15) 

This mechanism creates a V undersaturation in the crystal interior which is 
balanced by V in-diffusion. If operative, it means that V are involved in Si 
self-diffusion but it does not mean I are not contributing to Si self-diffusion. 
We now assume that local dynamical equilibrium betweem I, V, Au. and Au is 
established. The necessary and sufficient condition for this assumption t o  be 
true is that the three reactions (2,14,15) have reached their equilibrium state. 
This requires that two out of the three reactions to be sufficiently fast. It is 
not required that the third reaction b-. equally fast, since if equilibrium con- 
ditions are satisfied by two of the reactions, then the third is automatically 
under equilibrium conditions. Under this assumption the normalized Au concent- 
ration C=C I C e q  to be measured in an experiment on Au diffusion into disloca- 
tion-free 

1 S 

S 
s .s Si may be approximately described by 

with the effective diffusion coef f icic -t given by (13)  

In E q .  (17) coatributions to the Au -Au interchange process due to both kick- 
out an$ Frank-Turnbull- mechanisms are accounted for. In deriving Eq. (17) the i s  
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follohing approximations are used 

I 

* +.i 
t 

i t  

(Ci: Au concentration) ci = c;q, i 

If only V and no I are present Eq. (17) yields a constant effective Au 
(11,331 

diffusity 
S 

Def V = D,C;'/Ceq. 
S 

(19) 

The same result holds if D Ceq is not zero but among the reactions (2,14,15) only 
(15) operates sufficiently fast. If only I and no V are present Eq. (17) yields 
a strong concentratio.1 dependent diffusivity 

I 1  

(20 )  

The same result holds if DvCiq is not zero but among the reactions (2,14,15) only 
(14) operates sufficiently fast. As observed by Stolwijk et al. (14), Au concen- 
tration profile after diffusion into dislocation-free Si at and above 8OO0C can 
not be describcl by the constant diffusity given by Eq. (19) but are satisfac- 
torily fitted by the use of Eq. ( 2 0 ) .  Fig. 4 shows a tvpical experimental profile 
due to Stotwijk et al. It can be seen that an erfc-func ion tyr>e profile as expe- 
cted for De is quite satisfactory. 
This shows fiat I are contributing to Si self-diffusimei6t it does not mean that 
V are not contributing for the reasons that: (i) It can not be certain ths: this 
is not only due to the fact that of the reactions (2,1$,15) on1 
sufficiently fast; and (ii) The strong dependence of D on C-' reduces the 
effect20f D Ceq by this factor for most part of the experiment foi. which C<1 
and C- <<l iold. Indeed Moreheaa et al. (13) found that while almost perfect fit- 
ting were obtained for short time diffusion profiles Luall but observable devia- 
tions occured if Eq. (20) were used but a much better fitting is obtained by the 
use of Eq. (17). This not only shows that V are Contributing to Si self-diffusion 
but also allowed to estimate that D Ceq=D Ceq at 1000 C. The quantity D Ceq has 
been determined by Stolwijk et al. ylx) as 

f failed to fit the data while the use of D 

(14) operates 
ef f 

I 1  I 1  

(214 2 -1 D,CZq = 914exp(-4.84eV/kT) cm sec . 
We have already shown that at T<900 C reaction (2 )  is expected to become ineffec- 
tive. At still lower temperatures, as will be discussed, reaction (14) is also 
expected to become ineffective. In that case only reaction (15) will be operating 
and an erfc-function type profile should show up. Willcox et a122(34J foyd such 
a c3se at 70OoC. With their data we obtained that DVCeq~8.8x10- 
700 C (15). This together with the data of Morehead e! al. (13) yields trie rough 
-2 t imate 

L 

0 

cm sec at 

t 

E 
i 

J 

i 
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(21bj 2 -1 D Ceq = 0.6exp(-4.03eV/kT) cr~ sec . v v  
Eq. (21) is plotted in Fig, 5 in which a dats point on D Ceq obtained by analy- 
sing the Ni precipitation behavior (15) of Kitagawa et aY."(35) is also shown. 
An important point is, as rough estimates, the sum of the formation and migration 
entropies are now obtained from Eq. (21) as 3k for V and 10k for I. That is, 
w&le I are quite extended ( 3 ) ,  V are fairly point-like. Experimentally observed 
D values from relatively higher temperature measurements are usually of 
10 exp(-SeV/kT) while those from relatively lower temperature experiments are 
of lexp(-4eV/kT) (36-40). These values are quite compatible with Eq. (21). 

We now make an estimate to show that at very low temperatures the kick-out 
mechanism, reaction (lj), can become ineffective, while the Frank-Turnbull 
mechanism, reaction (151, still operate:. It is important to note that if this 
can not be true then it can not be explained why Au diffuses into dislocation- 
free Si apparently via the kick-out mechanism at higher temperatures but the 
Frank-Turnbull mechanism at a very low temperature. Eqs. (19) and (20) show that 
Au diffusion would appear as dominated by the kick-out mechanism in s long as 
C-2D C;'/D Ceq>l holds. Because for a large part of the experiment C >>1 holds, 
the kck-out mechanism may still appear as dominating the diffusion process even 
for a case for which the frequency of the kick-out events is less than that of 
the Frank-Turnbull events. On the other hand, the frequency of the kick-out 
events sl-wld decrease more rapidly than that of the Frank-Tuenbull events with 
a decrease in temperaturc because the former 'nvolves the creation of I wkich is 
charaterized by an activation enthalpy (the I formation enthalpy) while for the 
latter there is not yet a good rsason for assuming that a high ec7ugh energy 
barrier exists to prevent an Au. atom drops in a V. In the following we show that 
under thermal equilibrium condi6ions a quantitati7.e estimate can be made which 
indicates tnat the above discussed situation can be true. 

-9 
v v  

For the Frank-Turnbull mechanism, if an Au atom and a V meet, there is a 
definete probability I'jl that reaction (15) will go fom-rd to produce an P.u 
stom. Under thermal equilibrium conditions, xe obtain the rate of increase j k  C 
via this mechanism as S 

(dCs/dtIFT = I'(4*riV/R)DiCi eo :v eq . 

For the kick-out mfchanism, reaction (14), the Au atom has a certain frequency 
v and I. We do not know this frequency but if Xu and 
I meet there is a definite'probability 051 for reaction to produce Au 
thermal equiiibriuin condition; this reaction balances that due to v .iTherefore 
we have, 

i by which it produces P-u 
i andsunder 

i 

(dCs/dt)ko = Q(4nrIs/b2)D,C~qC~q. 

From Wilcox et al. (34) . 2 have 

DiC:q = 1.8~10-~exp(-l.l3eV/kT)C~~ S 
2 -1 nmsec . (24) 

Eqs. (2!.a) and (22)  to (24) yield for the rate of converting 4u Lite Au via i S 
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I 
the kick-out mechanism to that via the Frank-Turnbull mechanism as 

i 

I 

t 

I .. 

Y. 

i 

r a (dCs/dtlko/(dC /dtIFT = aexp(-3.71eV/kT:,'CV eq , 
S ( 2 5 )  

where a is a constant of the order of lo5. We do not h.iow ihe quantity Ceq but it 
can be seen from Eq. (25) teat r decreases with a derrease of temperature unless 
the V formation enthalpy AI$ is equal to or larger tilm 3.71eV, which, judging 

V 

from Ea. (Zlb), is ikely. In Fig. 6 we show t:c. calculated values of r(T)/ 

e kick-out mechanism decreases much more rapidly with a 
r(1000 C) assuming is in the reasonabla range of 1.5 to 3eV. It is secn that 
the effctiveness cf 
decrease in temperature than that of the Frank-Turnbull mechanism. 

With this discussion, it becomes understandable vrhy Au diffusion can appear 
as dominated by the kick-out mechanism (related to I) at higher temperatures, 
while by the Frank-Turnbull mechanism (related to V) at lower temperatures. It is 
expected that other metals may also exhibit a similar kinetical behavior in Si 
for experiments involving their diffusion: in- and out-diffusion experiments, 
precipitation and preci9itate ciissolution experiments. We suggest that by now 
the following rule should be kept in mind: in an experiment if it is found that 
I in Si appears as dominating the diffusion process of an impurity, it means that 
I exist as a species of Si point defect under thermal equilibrium conditions and 
the experimental conditions are suitable for I to appear as dominating, it does 
not mean that V do not also exist as a species of Si point defects under thermal 
equilibrium conditions; the reverse is also true. The diffusion experiments of 
Kitagawa et al. (41) cn Ni (dominated by V) and ..f Mantovani et al. (42) on Ft 
(domioared by I) are good examples. 

4. ON THEORIES OF HIGH CONCENTRATION PHOSPHORUS DIFFUSION INTO SILICOP 

Diffusion of ,up-III and -V dopants shows several anomalcus features that 
are quite thoroughl. discussed in the literature (43-47). To summarize, 
Wilioughby (45) and Gtlsele and Strunk (47) mentioned that the most prominent 
z'eatures are: (i) The emitter push effect, whick is the extremely rapid diffusion 
of base dopant (B or Ga) of the doubly diffused npn transistor structure which 
results in an enhanced movement of the base-collector junction; (ii) The kink- 
tail structure of the in-diffusion Y profile, which is resulted from the use of 
high concmtration surface sources. This is shown in Fig. 7a with conveniently 
designated surface dnd tail regions. In the tail region the P diffusion rate is 
such higher than expected for isoconcentration studies or OED studtes; (iii) 
Movement of burried dopant layers can be extremely rapid if the surface P concen- 
tration is high. There exist ample evidences that I' rich precipitates form during 
P in-diffusion (48-55), we therefore add to the abo.re list by (iv) During P in- 
diffusjon, the P concentratfon in the 31 surface reglon e Jds its normal solu- 
bility limit. We consider thac the following facts hive be-n established: (i) 
The dQpant diffusivity enhancement are caused by supersaturation of intrinsic 
point defects. The enhancement are much larger than that due to oxidations; (ii) 
The point defect Supersaturations are related to high surface concentration of P, 
and, in same cases, of B or As (56-58); dnd (iii) Mechanisms involve 
tions in an essential manner, e.g., dislocation climb, are not the origin of the 
pcjnc defect supersaturations. 

disloca- 

I 
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Since uti11 recently it was widely believed that V are the dominant thermal 
equLlibriuo point defect species in Si, earlier models (59-61) put forth to exp- 
lain the P anomalous diffusion have been based on calculating the V supersatura- 
tions. Among these models, that of Fair and Tsai (61) gave a most zomplete treat- 
ment and was apparently able to calculate quantitatively the kink.-tail structure 
in the P diffusion profile. Even if V were the only point defect species present 
in Si at high temperatures, the model still can not be regarded as satisfactory 
because of: (i) A s  pointed out by Kroger (621, the analytical development is que- 
stionable with respect to the relation between the total P concentration and the 
total carrier concentration on the one hand, and with respect to the derivation 
of the electrical field on the other; and (ii) As pointed out by Mathiot and 
Pfister (63), the V supersa:uration was accounted for by a multiplication factor 
for deriving the fast diffusing tail region P diffusivity instead of solving the 
V diffusion equation. By correcting these problem:; Mathiot and Pfister (64) found 
that the model of Fair and Tsai can nut give a good qualitative description of 
the P diffusion profile. Here we mention two fundamental objections generally 
applicable to these models: (i) Formation of P-rich precipitates (48-55) is not 
accounted for; and (ii) By now there also exist ample evidences that during P in- 
diffusion an I and -- not V supersaturation is present in the Si interior (55,64-67) 
but the V based models can only predict a V supersaturation. 

Recently, twc new models have been proposed. One is a vacancy percolation 
(modified E-center) model due to Mathiot and Pfister ( 6 8 ) ,  which has also been 
extended to include an I-componenc in the diffusivities of both dopant diffusion 
and Si self-diffusion (69). The other is a model due to Ha et al. (70) who pro- 

! 

call interstitial P model. Unfortunately, these two models seems are also not I 

posed that a substantial part of P occupies interstitial positions which we shall 

satisfactory. In the following (Sections 4 . 1  and 4 . 2 )  we discuss some essential ? 

I 

points of these two models and give some detailed reasons for 
conclusion. In sectLon 4 . 3  we discuss a possible reason for P 
in a supersaturated concentratinn. 

4.1. The V Percolation Model 

By correcting the problams 3 ;  the model of Fair aca Tsai 
ting the idea of V percolatLon (711, Mathiot and Pfister were 
tively fit some P diffusion proi'iles (63). Later on they were 

arriving at this 
dift, .ing into Si 

and by incorpora- 
v able to quantita- k *.; 

also able to cxted 4 
the model t o  include an I-cocponent in the dopant and Si self-diffusion coeffi- 
cients with an apparentlj even better swcess (69). Their earlier model (68) can 
be straight forwardly regarued as unsatisfaztory since it is purely V based. '.he 
incorporation of an I-conponent in the dopant and Si se?.c-diffusion coefficients 
(t9) is a goou step forward, but the modcl is not satisfactory because: 

(i) Forrcation of P-rich precipitates Is not accounted for; 

(ii) Theyoconcluded that G1-O.l to 0 . 3  for the dopants B, As cnd P from 900 to 
1200 C for low and high concent--ition diffusions. For tht cast :If higher 
temperature experiments', we expect that local dyiiamical equilibrium between 
I and V to be reached, this can only result in a net V supeisaturation in 
the Si interior. This is in contradiction with experfmen.nl results (55,64- 
67) that can only be explained by a net I supersaturation; 

(iii) The finding that GI<3.5 for Y ,  which requires that the observed ORD 01 P 
for (111) Si wcfers cxidized for long tines ke explained *dtttout ssvumfng a 
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net V supersaturation (as Francis and Dobson (72)  and the present autnors 
(8) have assumed), is in contradiction with the Sb OED icauii !10,19) which 
was abserved undei an almost identical experimenta, Loncitior. ior observing 
the P ORD. A qualitatively consistent interpretation L 
nc?t obtained unles,c 
tal conditions a net 

these results is 
>0.5 for P and GI<0.5 for Sb and under the experimen- 
supersaturation exists. 

(iv) The ooservation of ORD of 3 at 120OoC bv Hill (73) can not $e explained by 
their finding G ~ 0 . 5  for B, since in that experiment a 6% HC1 was used. By 
a-.alysing the O6F data of Shiraki (21') the prcqsnt authors :lave shown that 
far this expefimental condition a nei J shouic. have been injected (7,lO). 
If (3- <0.5 fur B, theri it shLJld have resulted in an OED instead of the I .  observer OPD. 

'she present authors believe that the V percolation idea is a very imFortant 
point for which the full significance seems have not yet bee, realized. Tnis sub- 
ject i s  certainlyanice c ntribution of Mathiot and Yfister is wei! worthy 
of some dixussions. To invoke the V-mechanism for the difr-isim oi a substitu- 
tional imparity species which exhibit a higher diffusivity than that qf self- 
diffusion of the host crystal atoms, it is necessary to assme tha: the diffusion 
proceeds in the form of i-V pairs (i denotes a substituttonal impurity atom), aad 
a pair has to partially dissociate during its migrat, n process. In Si the sad- 
dle point for the i-V pair dissociation process corresponds to having a V on the 
third nears: neighbour position of i. The 1-emaining binding energy i)etween i and 
V determqqes th2 cohesion of the pair. For the case of having a ver.1 high impu- 
rity conL-entration, the impurity atoms effectively form a network cr cluster in 
the crystal lattice in the sense that now each impurity atom iould have some 
xher impurity atoms situated at its fifth or even closer neighbour positicns. 
The i-V pair diffu:luz process changesnwsince upon reiching the saddle uasltion 
. the pair partial dissociation process, the V can also be at a third neiphbour 
positl-on of anothtr i. Now V can migrate to the other i atom with a potenti.-1 
barrier smaller than that needed for the isolated i-V pair case. This mealis with 
a sufficiently high impurity concectration, V can fr(:ely diffuse through the i 
network or cluster, which does not only enhance the V diffusion but also the i 
diffusion. This is the idea used by Mathiot and Pfister in their models (68,691. 
We now mention a few points associated with the percolation idea that have not 
yet been explicitly considered: 

(i) We believe that the percolatici idea is equally applicable to an I-mecha- 
nism; 

(ii) In the presence of a high impurity concentration, anu hence the percolatioa 
network, we believe it is censible to also sugges: that the point defect 
format-icn energy is also lowered. This means the t'lcrmal equj-librium point 
defact concentrations are increased beccuse i.f the presence of a L i b h  -mpu- 
ritv concentration (not to be cunfused with that due tc electrical charge 
effect) ; 

~ b !  
(iii) The presence of !],e permlation network necessarily changes the i-I and I-V 

pairing potential:, 
ci es are in princ- ,le of difrerent values. 

and hence GI for low and higi> impdity concentrat40n i 

e 

! 
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4 . 2 .  The Interstitial Phosphorus Model 

I 

I 

-1  
1 
I 

Xu et al. (?O)  have recently criticized most of the V models (59-61) and 
proposed 3 new model to remedy the situation. An important contribution of their 
work is that formation of P-rich precipitate duripg P in-diffrlsion is very much 
emphasized and therfore in the model this is accounted for and hence renov3ng 
one major sho: comings common to all other models. They have written down the 
basic equations but not yet performed the needed calculations and it is there- 
fore not possible to see whether a net I supersaturation in the Si interior can 
result f r m  the model or not.Anexamination of the basic assumptions involved in 
this model has led the present authors to believe that the model in its present 
form is probably also not satisfactory. Their major assumptions are: (i) A por- 
tion of the P atoms in Si occupies the substitutional sites (P while the rest 
occ .,es iatcrstitial sites (P.1; (ii) Mutual conversion between Ps and Pi is 
ue.! L o w ;  and (iii) Both Ps aid P are shallow donors. Assumption (i) is needed 
since they invoked a two stream ddfusion etechanism as the a priori reason for 
obtaining the kink-tail diffusion profile. The best way tc see what is a two 
Sti- diffusion is to imaging that there are two distinct chemical species A 
and li d i f f w i q  :nto Si simultaneously but otherwise independently and we arc 
looking for CA+B=CA+CE, see Fig. 7b. Now there is only one P species chemically 
but in Si they can cccup) different sites, e.g., P and Pi. 12 so far as diffu- 
sion is concerned, P and P 
since if P and P 
vidual ideztity d l 1  be lost and a kink-tail structure in the P concentration 
profile can not be obtained. Assumption (iii) is needed since atomically disso- 
lved P atoms in Si is known to be electrically active. The assumption that a sub- 
stantial pcrtion of the P atoms occupies interstial sites is very different from 
that invoked conventionally: P atoms occupy substitutional sites only. By defini- 
tion, P diffuses primarily via an I-mechanism. Thus, there will always le a sub- 
stantial number of P atoms on interstitial sites whether they are migrating or 
not. In the converntional picture, P atoms can diffuse via an I-mechanism and 
hence those migrating P atoms are on interstitial sites temporarily hut there 
will only be a negligibly small fraction of P atoms that are migrating at any 
instant in time and hence for practical purposes all P atoms are occupying subs- 
titutional sites. 

S 

can behave independently. Assumption (ii) is needed 
S i are converting into each other rapidly enough then their indi- 

In the following we present four arguments which jointly constitute as a 
strong indication that the above mentioned assumptioos involved in the model of 
Hu et al. do not form a realistic enough basis for regarding the model as sctis- 
factory (admittedly, though, each argument inhiv2dualiy may be only conscituting 
as a weak indication): 

(i) The fact that there is but one shallow donor level associated with P doping 
is generally accepted. While it is legitimate to postulate that P is also 
a donor, it is difflcult to believe that the donor is also a shollor one, 
and, in particvlar, its energy level needs to be alinost identical to that 
due to P 

(ii) High concentration P diffusion into Si can induce the romation of a dislo- 
cation network to acconodate the Si lattice parameter change in the diffused 
layer due to the incorporation of P atoms to a large concentration. Analyses 
of such dislocation networks indicated that the P diffused iayer has a smal- 
ler lattice parameter (74) which is consistent with the knowledge that P 
atoms are all on the subetitutional sites (the ratio of the cova!ent radk: 
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of P atoms to Si atoms is 0 . 9 4 ) .  In order to explain the P diffusion pro- 
files by the two stream mechanism, it needs to be assumed in some cases 

can be almost equal to C . If this is so, it seems that by now there 
h u l d  be some indication that the opposite, i.e., the P diffused layer has 
a lattice parameter larger than that of the undiffused Si, is true; 

P 

(iii) The requirement that Pi and P are converting into each other very slowly 
is an extremely stringent condftion. Considering the diffusioll times invo- 
lved in a typical experiment, a simple estimate would show that the energy 
barrier against the P -P conversion needs to be higher than 3eV and quite 
iikely in the neighbourhood of 4 to 5eV. This is the same energy barrier 
prevent the interstitialcy pair from dissociation, and hence the pair needs 
to be regarded as very stable. If so, it is not easy to understand why E 
can diffuse so fast, which is also required in the model; 

i s  

i 

(iv) In an Au gettering experiment, Lecrosnier et al. (75) found that the Au 
concentration in the P diffused layer developed a kink-tail profile similar 
to the P profile. This phenomenon is consistent with the interpretation 
that all P atoms occupy substitutional sites but not equally consistent 
with the interpretation that a substantial portion of P atoms occupies 
interstitial sites. The interstitial P model requires thzt the surface re- 
gion P atoms be mostly P (diffusion slow) while the tail region P atoms be 
iostly P expe- 
riment afl the gettered Au atoms should be Au since normally Ceq>>C;' holds 
and- since if they were Au then we expect tge P and Au concentration pro- 
files follow a complementary rather than a similar distribution pattern 
since the charge states of the P and Au atoms should result in a repelling 
force (P is a donor in spi:e of whether in substitutional or interstitial 
positions, and, Au 
that Av atoms are indeed Au atoms, then the best interpretation is that P 
at ms are all P atoms s' Ice now charge compensation occurs between P+ and 
Au'- (presumably Au ) atoms and atomic size compensation also occurs (cova- 
lent radius of Si atom is larger than that of Ps but smaller than that of 
Au 1. If the P atams are r' 
deselop in the Si which tends to result in a complementary distribution 
pattern between the Pi and Au 
P and Ac atoms occupy inierstftial sites since then it will result in a 
compressive strain as w.11 as a charge repelling situation. 

* 

(diffusion fasf). We first mention that in the Au getterin 

i 

+ is also suppose to be a donor, i.e., Au ). Assuscing 

S 
S 

then we expect a large compressive stress to i 
concentrations. The warst case is that both 

4 . 3 .  Physical Reasons for ? Difftsing into S i  in Supersaturation 

a i l e  the kink-tail diffusion profile of P has been recognized as an out- 
standing feature for a lcng time, it is only recenLly that the equally outstan- 
ding (and undoubtly related) feature of P diffusion i n t o  S i  in supersaturation 
is als.: rxagnized. Why is it so? Hu et al. (70) provided one possible reason 
which is dynamical in nature: P diffusion (using a P-rich oxide source) is usua- 
lly carrial out in a partial oxygen ambient and hence oxidation, i.e., a chemi- 
cal reaction, occurs. They suggested that the excess chemical potential respon- 
sible for P entering Si exceeclLcg itc solubility limit derives from this chemi- 
cal recction (oxidation). Howevur, this may not be the primary reason because 

*This prxlem was brought to the attention of one of the lyesent authors (TYT) 
by Dr. 1. E. Seidel. 
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of: (i) The I supersaturation associated with high concentration P diffusion far 
exceeds that due to an oxidation of Si, $nd, in particular, this seems to be 
true at very low temperatures, e.g., 750 C, for which an oxidation of Si ceases 
to function; (ii)Thereare some indications that P can diffuse into Si in a 
supersaturated amount for cases that the annealing ambient is inert. NcBbili et 
al. (54) concluded that the electrical1 acti e P concgntration limit (arestrma- 
bly the solubility limit) is about 4x10 
rature P can enter Si to a o?c:entration of about 1x10 cm In an N drJst-in 
annealing using a P-rich oxide source (76). 

50 
CUI-' at 11002$, bu at the sam\? teqe- -3 

2 

As an alternative possibility, we suggest a mechanism due to phase-equili- 
brim requirements to explain the phenomenon of P diffusing into Si in supersa- 
turation. This mechanism €s readily understandable if the materials involved 
constitute as a binary alloy system. Tterefore, for our present purpose we 
discuss the case that the source of difi'usion is gaseous P (P ) at the standard 
presure instead of the more commonly used P rich oxide. In Fig. 8 we show the 
phase diagram of the Si-P system and an appropriate free energy diagram in the 
temperature range of our interest. The significance of Fig. 8 is that, under 
phase-equilibrium conditions: (i) the two primary phases, a (Si containing ato- 
mically dissolved P) and y (P 1, and the binary intermsdiate ptase SIP, can each 
exists alone; (ii) The a phasg and SIP can coexist; (iii) SIP and P 
This means for a diffusion experiment using P 
aiaterials (Si and P ) do not exist in a phasegequilibrium state. Hence, the M- 
terials will proceeff to reach the appropriate phase-equilibrium states by crea- 
ting coexisting phases permitted by the phase-equilibrium conditions, i.e., the 
above discussed possiblities (ii) and (iii) . We coined the term that, before the 
phase-equilibrium state is reached, :he materials are in a diffusion-transient 
state. A primary phenomenon associated with this transient state is that P will 
diffuse into Si in excess of its normal solubility limit which is defined per 
coexistence of the a and Sip phases. Refer to Fig. ab, the normal P solubility 
in Si is represented by concentration A. The material near the Si surface is now, 
however, not coexisting with SIP but with P 
represented by concentration B. Since B2A hgs to hold, we see P enters Si at a 
concentration exceeding its solubility limit A. 
now Pg and Sj coexist, the material P directly exerts a cheaical potential on 
Si to maintain a P concentration in excess of the P solubility deverived per co- 
existence of Sf and Sip. If kinetical conditious permit, SIP precipitates can n m  
form inside the Si crystal o r  alternatively a continuous layer of Si? can form 
at the Si surface. Before a sufficiently thick continuous SIP layer forms, the 
supersaturation phenomenon will persist. 

can coexist. 
as source, to start hth, the 

which gives a P solubility in Si 

That is, by the very fact that 

f3 

3er this discussion, we see that there is a thermodynamic reason for P 
to diffuse into Si in supersaturation. For experiments for which a P rich oxide 
layer is used as source, the argumect is also qplicable. The analysis leading 
to this conclusion is, however, considerssly more  complicate^ than the binary 
example just discussed. This complexity arises because a Si-0-P ternary situation 
is involved. We have carried out tne analysis for this ternary situation and the 
details will be given elsewhere (77). In that analysis we have also shown that 
the 0 solubility limit is also changed. There exists one experimental result. (76) 
indicating that this seems to be the case. 
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5 .  CONCLUDING BEHARK 

In this paper some essenti 
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1 points associated with oxidation ffe L i  and 
Au diffusion in Si are discussed. Progresses in these areas in the last few years 
seems to have established beyond reasonable doubts that I and V coexist in Si 
under thermal equilibrium conditions. Within the frame work of coexisting I and 
V species, some new understanding is now emerging. We look forward for more pro- 
gresses in our understanding of the nature of point defects and their roles in 
the materials transport properties in Si in the near future. 
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Fi?. 1. Prediction of dopant dif- 
fusivity changes due to an oxida- 
tion. The model assumes that I and 
V coexist in Si in thermal equili- 
brim and in ox!-' ition at high 
temperatures ana thst during the 
oxidation I and V attained local 
equilibrium. 
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F i g .  2 .  Quantitative fitting of avai- 
lable Sb ORD data from (100) wafers 
to the calculated G14.02 curve per 
Eq. (8). Unfilled circle: Mizuo and 
Higuchi [18]; filled circle: Tan and 
Ginsberg (191. 
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F ig .  4. Gold concentration 
profile after a lhr diffusion 
intg dislocation-free Si at 
900 C [14]. Dash l i n e :  an 
erfc-function fit-ing per Eq. 
(19); solid line: fitting 
per Eq. ( 2 0 ) .  
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10%~ 
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Fig. 3. The recombination bar- 
rier limited time conetant, 
'bar, for I and V to reach 
dynamical equilibrim as a 
function of reciprocal tempe- 
rature calculated per Eq. (11). 
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Fig. 5. D , C T  and D v C 7  vs. recip- 
rocal temperature. 

C 

X 

1000 900 800 700 6 F ° C  
101 a 

7 8 9 10 11 
1 0 ~ 1 ~  

Fig. 6. The function r(T)/r(lOGO°C) 
. vs. reciprocal temperature, r is the 
ratio of the efficiency of converting 
Au into Au due to the kick-out me- 

' chinism to fhat due to the Frank- 
Turnbull mechanism. Numbers above 
each c.irve are the possible A$ 
values. 

Pig. 7. (a) Schematic dra 'ng of the kink-tail structure of P profile, 
which, hypothetically, may be obtained by adding (b) profiles of phy- 
sically distinguishable A and B atomu diffusing Independently. 
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Fig. 5 .  Thz Si-P binary system phase diagram (a) and an dppropriate free 
energy diagram (b) showing the thermodynamic origin f o r  P to diffuse into 
Si in excess of its normal solubility limit. The solubility limits A and 
B are obtained from the usual common tangent constructiont? per coexistence 
of the a phase with the Sip and Pg phases respectively. 
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DISCUSSION 

ROSE: On one of your viewgraphs you showed durins the phosphorus diffusfon, 
I wonder if you miuht solrethin6 like 40% of it is electrically actire. 

c w a t  further on what physical fops does it take? 

TU: It takes precipitated form. A snall part of it.. abuut 15%. is identified 
About 85% of them are only observed in terms of no more as SIP structure. 

than 15-&-sited precipitates. 
tcoasaissioa electron microscope. 
SIP precipitate. but not proven. 

T h y  are too mall to be identified by 
Therefore they are only inferred to be 
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EleLztrical and Structural Characterization o f  Web Dendrite Crystals 

G. H. Schwuttke 
Arizona State University 

Temper Ai! 6 2 0 7  

K. Kolibad and K. A. Dumas 
Je t  Propulsim Laboratory 

Cal i fornia Ins t i t u te  of  Technology 
Pasadena, CA 91109 

Minor i ty  c a r r i e r  l i f e t i m e  d i s t r i b u t l o n s  i n  s i l i c o n  web dendr l tes are 
measured. Emphasis i s  placed OR msasurlng areal hanogeneity o f  l i f e t ime ,  show 
f t s  dependency on s t r u c t u r a l  defects, and i t s  unique change dur ing ho t  
processing. Tne ia te rna l  ge t te r fng  ac t i on  o f  defect  layers  presenz i n  web 
c r y s t a l s  and t h e i r  r e l a t i o n  t o  m ino r i t y  c a r r i e r  1 i f e t i m e  d i s t r i b u t i o n s  i s  
discussed. Minority carr ier  l i f e t ime  maps of  web dendrites obtained before ana 
a f te r  high temperature heat treatment are compared t o  s lmi lar  maps obtained from 
100 mm diameter Czochralski s i l i ccc l  wafers. Such maps ind i ca te  s i m l l a r  o r  
superior areal homcgeneity of  minority carr ier  l i fe t ime i n  webs. 

Recentlyr calculations have been made whlch show t h a t  the presence P- - *a1 
inhomogeneity of  minority car r ie r  l i f e t ime  i n  s i l i con  wafers can devast , I  ar  
c e l l  eff iciency (1). For instance‘ it was shown tha t  fo r  no more than 5 9  - the 
solar c e l l  area being i n fe r i o r  conpared t o  the rest  of  the cel I arear sole? c e l l  
eff iciency can be as poor as it would be i f  the en t i re  araa would be of in fe r io r  
q u a l i t y  (1). Thus areal  homogeneity o f  m lnor i ty  c a r r l e r  1 i t e t i m e  i s  an 
important requirement fo r  high eff lciency solar cel ls. 

T h i s  paper r e p o r t s  measurements o f  m i n o r i t y  c a r r i e r  t f r c t m e  
nd is t r i bu t i onsw made on s i 1  icon we dendrite sections. Such measi r. .L are 
compared t o  s im i la r  data obtained from 100 mm dismetsr Crochrals. . ?  icon 
wafers. 

I 

j 
I 

I 

I 
uctural A- o f  Si l icon W& 

A b r i e f  description of  the as-grown web ,eanetry and dislocatlon structure 
i s  needed t o  describe our electr ical  measurments clearly. For detailed results 
we refer t o  the or ig inal  papers of web growth (2) and dislocation structures (3- 
5 ) .  

The web surface i s  .para l le l  t o  t h e  (111) plane, and the  web p u l l  ing 
direct ion i s  L?IiJ. A cross-section o f  web shows i t s  most pranlnent s t ruc tu ra l  
feature: m u l t i p l e  i w i o  lamellae i n  the center o f  the web covered by two thick 
(l00pm) surface layers whfch are also i n  twin r e l a f i r i .  An example i s  shown i n  

I 

Figs. l a r b .  

. .  
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%. 
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Dislocations i n  web a re  generated through "me1 t entrapment" caused by 
nwingw growth along t h e  dendr i tes :c;g. 2 ) .  Propagation of such dislocaticns 
depends on the curvature of  the sol id-.? :?aid interface of the web during growth. 
An in te r face  curvature o f  concave downward concentrates the dislocztions I n  the 
center of the web (Fig. 3 ) .  Webs grown with e s t r a i g h t  i n t e r f a c e  concentrate 
t h e  d i s l o c a t i o n s  i n  t h e  f i l l e t  region. Thus t h e  web grows f r e e  o f  any 
dislocations ( 4 ) s  Fig.  4. Most webs__of today cont-. in bundles o f  very long 
d i s l o c a t i o n  l i n e s  para l le l  t o  the  C2111 d i rect ion (Fig. 5 ) .  They are p i led  up 
against the  twin planes. I n  addition, annealed web contains large area stacking 
faul ts.  The e lec t r i ca l  a c t i v i t y  and the influence of these fau l t s  on solar c e l l  
ef f ic iency has not ye t  been investige' Jd. Such an in f luence i s  assumed t o  be 
r e l a t i v e l y  small but  it may be of  Importance f o r  high e f f i c i e m y  solar cel ls.  
These defects are described i n  more de ta i l  i n  References 3 and 5 ,  examples a re  
shown i n  the  x-ray topographs of Figs. 6 .  

If excessive s t resses are  present dur ing web growth (buck l ing)  l a rge  
numbers of s l  i p  dis locat ions and small angle grain boundaries may occur. Such 
defects desrade minority car r ie r  l i f e t i m e .  An example i s  shown i n  t h e  x-ray 
topographs of  Figs. 7. 

S i l i c o n  web dendr i te  s e c t i m s  o f  v a r i o r s  q u a l i t y  (Figs.  5 ,  6, I )  were 
evaluated through minority car r ie r  l i f e t ime  "ma7ping" using 1.5 mm diameter MOS 
Capacitors. The t o t a l  number of MCS capacitors per web section was 300. The 
MOS dot: w9re arranged in%o 15 rows. The dendr i tes were included i n t o  t h e  
svaluat icn.  The dimensions o f  t h e  web sections were 2 inches long and 32 mn 
wide. The webs were qaluated a f te r  each oxidatlor! cyc le  (15 min wet-110 min 
dry-15 min wet a t  1000 C. Three or four consecutive oxidation cycles were used. 
Minority car r ie r  l i fat ime maps of  the t o t a l  web section were obtained a f te r  each 
ox ida t i on  cyc le  by wsasuring the l i f e t i m e  under each capacitor as described by 
Fahrner d Schneider Subsequently, the 1 i f e t i m  was computer plot ted versus 
i t s  p o s i t i o n  on t h y  v b  surface. Local l i f e t ime  degrading defeccs revealed by 
sucb l i f e t ime  maps wera analysed by advanced cha rac te r i za t i on  techniques. A 
resu l t  typical  fo r  web sectiqns o f  qual i ty  as shown i n  Figs. 5 and 6 Ss given i n  
Fig. 8. Thfs  f igure summa-izes t4e influence of  high temper<'. are heat cycles on 
a inor i t y  car r ie r  l i fe t ime.  The l i fe t ime data aro displayed i n  € maps. Each nap 
represects a matrix o f  300 capacitor dots. The maps on t h e  l e f t  s ide o f  t h e  
f igure  carry the label  oxidation 1 t o  3 and represenr tho l i f e t i m e  data obtained 
a f te r  the f i rst,  second, and t h i r d  oxidation cycle. The devices were obviously 
s r r ipped before every successive ox idc t i on  step. The z-scale represents the 
measured l i f e t ime  values i n  mlcroseconds. The raidgo of  l i f e t ime  data present on 
t h e  web sec t ion  i s  a l s o  included i n  t h e  l abe l .  For instance, t h e  minimum 
l i fet 'ma obtainad a t  a spec i f ic  locat ion (capacitor) a f te r  t h e  f i r s t  ox ida t ton  
was 0.274 microseconds. The maximum 1 i fet ime i s  207 microseconds. The 1 ifetime 
map shows a re la t l ve ly  smooth plateau. Noteworthy is, tha t  t h i s  plateau extends 
over t h e  t o t a l  web sec t ion  suneyed. Acccrdingly, t h i s  web i s  of excellent 
crystal  qual i ty  and compares well  with the best Czochra:sKi s i l icor i  as avai lable 
today. Interest lng Is a comparison of  the maps obta:r?d a f te r  the f i r s t ,  second 
and t h i r d  oxidaticn. The l i f e t ime  plateau obt-ined a f te r  t he  second ox ida t i on  
I s  w e l l  above t h e  one obtained a f te r  the f i r s t  oxidation and the same i s  t rue 
for the t h i r d  ox idat ion.  The t h i r d  p la teau i s  a l ! t t l e  b i t  lower than t h e  
second one. U s i n g  C z o c h r a l s k i  w a f e r  q u a l i t y  a s  a s tandard,  t h e  
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mater la l  obtalned a f t e r  t he  t n l r d  ox ldat lon s h w s  very u n l f o r m  l i f e t l r e  
d l s t r l bu t fm  data. 

The maps on the right slde of Flg. 8 are labeled ECRESE or INCREME. The 
DECREASE map shows t h e  degradatlon o f  l f f e t l r e  as a result of the second or  
thlrd wldat ion  cycle. The INCREASE nap s h w s  t h e  area where t h e  l i t e t l m e  
fncreased a f te r  the thlrd axfdatlon re la t ive to  tne first oxldatlm. These raps 
show c l e a r l y  the  Improvement of l l f e t l r e  as a r e s u l t  of oxIdat ion.  T h i s  
foprovement f s  f a f r l y  u n l f o n  and covers p r a c t l c a l l y  t he  t o t a l  web area. 
Decreases I n  l l fe t 'ae occur onl, along the dendrites, the f i l l e t  reglon or along 
the  edges where the  web sect lon was cu t  by t h e  d l c lng  saw. Thls resul t  I s  
unlque and relates t o  the speclal crystal structure of the mperfectm web. The 
defect planes, sandwiched betreen  the perfect we4 surtace layers, provide for 
ainternalw getbring durlng high t v r a t u r e  heat cycles. Thus a substant la l  
lqmnment of m l n o r l t y  carr ler  llfetlme carr resul+. 

Web aaterfal of the quallty as dlsplayed i n  t h e  topographs of Figs. 7 do 
not g ive  amparable results, It was found tha t  the msl ipw dislocations - which 
resul t  fra buckling stresses - degrade r l n o r l t y  carr ies l l f e t l a e  substantlally. 
These d l s l o c a t l o n s  a r e  o f  t h e  Sam€ t ype  b s  t h e  Lprocess* Induced s l f p  
d ls lacat lm encountered durlng I C  processfng. It 1s known t h a t  t h e  e l e t t r l c a l  
a c t t v l t y  o f  these d ls loca t lons  i s  Algh. The l i f a t l a e  map shown I n  f l g ,  9 
corresponds t o  the sample & a n  i n  Flg. 7b. )iata t h e  goad c o r r e l a t i o n  between 
la l f fet lme and defect area I n  the center of th ls  sample. 

Recently, m conducted an evaluatlan of 100 rn oianmter Czochralskt s l l l con  
wafers as a v a l l a k  fran major vendors throughout t h e  world. The evalrratlon 
concentrated on mfnor l ty  c a r r i e r  l l f e t f m e  mapping as descrlbed for  the web 
crystal. Four consecutlve oxfdat lon cycles were used. The WS dot matr fx  
consfsted o f  25 t i n e s  25 CIOS capacftors of  15 m diameter. A resul t  typical 
for the evaluated hochra lsk i  wafers I s  shmn f n  Fig. 10. The l l f e t l m e  data 
shorn I n  F l m .  10 are dfsplayed fn  4 maps. The maps on the l e f t  carry agafn the 
oxidatton number. The data obtalned a f te r  t he  f i r s t  o x i d a t i o n  f n d f c a t e  
e x c e l l e n t  wafer  q u a l l t y .  The nap na5  a plateau a t  approx. 250 t o  300 
mfcroseeonds and extends pract ical ly across the t o t a l  wafer area. This wafer 
represents s i 1  Icon o f  t he  best qual f t y .  Nevertheless, successfve oxidation 
results fn steady degradatfon of  lifetfsne. This Is seen by comparlng t h e  maps 
obtained af ter  the f l r s t  and fourth oxfdatlon. 

Interestlng are the DECREASE and INCREASE maps shown on t h e  r i g h t  o f  Fig.  
10. The decrease soap conffrms t h a t  degradatfon occurs unffomly across the 
to ta l  wafer area. After the fourth oxiuatfon cycle sma l l  l l fetfrne Increases are 
observed on ly  a t  9 l o c a t l o q s .  I n  a l l  o t h e r  areas l l f e t f m e  degraded 
substantf a1 l y .  

The Cata gtven I n  Ffgs. 8 and 10 are representatlve o f  nperfectn web and 
Czochralskf s i l f c o n  wafers. We note a baslc d i f ference between these two 
materfals. Oxidation increases generatfon 1 I f e t ' n e  I n  Web b u t  decreases t h e  
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same l i f e t l m e  l n  Czochratskl ra ter la l .  The decrease i n  l i fe t ime i n  Czochralskl 
wafers correlates w l t h  the p rec lp l ta t lm phenorena of oxygen i n  s i 1  :con ( 7 )  . 

The large extent t o  which areal ldwmogeneitles -1st l n  t*ys s i l icon ana 
influence devlce performance (1) I s  not well known. hewer,  unlform minor i ty  
c a r r l e r  l l f e t l n e  d l s t r i b u t l o n s  are a p rerequfs i te  t o  hfqh performance solar 
cell technolgy. Solar cell eff lclency I n  excess of E% f o r  la rge  area s lng le  
c rys ta l  s i l i c o n  ce l l s  (10 cm x 10 a) rlll be very d l f f l c u l t  t o  achieve w i t h o u t  
proper control of minorlty carr ler  l l f e t l a e  d l s t r i b u t l o n s  durfng la rge  scale 
manufacturlng. 

1. 

2. 

3 .  

4. 
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Flg. 1 

Flg. 2 

Fig. 3 

Flg. 4 

Flg. 5 

Fig, 5 

Fig, 7 

Flg. 8 

Flg. 9 

Flg. 10 

a. wsb Crystal 6eametr-y 
b. SEbrlcrograph o f  cleaved web cross-sectlon a f t e r  preferential 

etching. Note &In 'lamellae I n  center. 

SOT X-ray topograph 01' 
(arrows) a t  dendrltes ue 
dislacatlon generat$on durlng grath .  

cm wlde web dendrite. Note wlng g r w t h  
u web loadtng t o  l l q u l d  entrapment ana 

SOT X-ray topograph of 3 CB u lde web dentirlte. Note d l s l o c a t r o n  
generation a t  s t ress centers and propagatlon o f  dlslocatlons durlng 
grawth taward center. 

SOT X-ray topograph of perfect 1.5 CI r i d e  ueb. 
trapped I n  f l l l e t  regton. 

Dls locat lons are 

SOT X-ray topograph o f  hlgh performance web 22O-reflectlon. Note long 
dls locat lons.  73 degree type; Burgers vectors ClOll, CllOl. Low 
electr lcal  act iv l ty.  

SOT X-ray tofmgraphs of hlgh perfomance web. Wldth 3.2 coi. 
a. (111) reflectlon: Surface twin lamellae 
b. (m) reflectlon: B o t t m  &In lamellae 
Note dlf ferenae i n  crystal perfection: Bottoa lamellae contalns large 
area stacklng fau l ts .  Topographs recorded a f t e r  t h i r d  oxidat ion.  
Electr ical  ac t i v l t y  of defects law.  Electr ical  data I n  Fig. 8. 

a. Note s l i p  dls locat lons.  

b. SOT X-ray topograph o f  medlum q u a l l t y  web. E l e c t r i c a l  data I n  

9 I r  X-ray topograph o f  l a w  qual i ty web. 
Electrlcal act lv t ty  hlgh. Llfetlme range: 0.01 - 1 psec. 

Flg. 9. 

Minor l ty c a r r i e r  1 i f e t i a e  maps o f  hlgh performance web. L l f e t l e e  
range: 0.2 - 207 usec. 

Mlnorlty carr ier  l l fe?tme map o f  law performance web. Correspondlng 
SOT topograph 1s shown i n  F ig .  7b. Note c o r r e l a t i o n  between 
dlslocatlon denslty and lar l l f e t l r e .  

M inor i ty  c a r r i e r  1 i f e t l n e  nap o f  Czochralski wafer for comparlsnn. 
Llfetlnoe range: 4 - 478 psec. 

Llfetfare range: 0.1 - 50 psec. 
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WUMXA: Do you bare any idea why 
i tricrlly botherrope I whereas 

DISCUSSIW 

the groun dislocationr seem to be not elec- 
the stress-induced ones are? 

1 
I 

! 

s W ~ :  First ob all, the core structure of this srown dislocation is very 
benign. It make9 IO -le of 73O, and this type of dislocation has beea 
described in the literature. This structure is very benigz, uhile a 60° 
d~rlocatiom, which is a slip dislocation, is very octiwe due to !ts core 

'r 

i structure. 

297 





' i  
4 
-1 
'-4 

I 

_ .  
i 

! 

N85-31634 
EBIC characterization and Hydrogen Passivation i n  Sil icon Sheet 

Az a senera1 q u a l i t a t i : ~  : 01- the electron beem induced current (BBIC) 
mt)od caa be very aseful in h g i 4  recabiaa t r .m in s i l icon  sheet used f o r  
solar  uells [ lDzl .  In t h i r  paper; work using EBIC os ZFG r i l i con  ribbon riXl be 
hoeribed. In particular. s a e  e f f o r t s  a t  m a k i q  t h  tsahniqw more 

specific applicatioa t o  hydrogen passivation rill ba treated. As an 
introduction. s a d  brief remarks w i l l  be made r e g a r d i q  t t )  teubaiqw i t r e l f .  

q w n t i t a t i v e  a d  hence Bore asefdD s u e  lh i t8 t iOnS Of the B8thOd. aPd f i n d 1 p  

?'he BBIC Techniaw 

P i g u e  1 shows a schematic of the EBIC process. An electron b e u  irpiqes 
on a semiconductor sample contaiaiap a junction of s a e  sort .  The energy of the 
eleetrons in the b o u  typically ranges f r a  1 t o  50 Lev while the rhhm energy 
t o  create hole-electron pairs in  a semiconductor is the band 8.P. which i r  on 
the order of 1 eV. 
semicondmotor produces many hole-electron pairs. on the order df 101 t o  10. per 
incident electron. The electron-hole pairs are created within the material in a 
volume termed the generation volume. 
minority car r ie rs  -- electrons i n  the p-type layer and holes in the a-type 
layer. If the diffusion l e y t h  of the generated minority car r ie rs  is 10- 
enough. thrv w i l l  diffuse t o  the p-n junction and be swept across it by the 
stromg f i e l d  present. thus prodicing a current that can be measured externally. 
This is the electros-bou-induaed curreat. This current can then be amplified 
even far ther  .ad the u p l i t i a d  rignal used t o  dr ive  the CXT display of the SBM. 
while it i s  scanned .ynchronoorly wi th  the electron beu.  The rosol t  is a 
upping  of the cnrzont collected a t  every s-rnned point. I f  a defect such as a 
grain boplury or a dis1oc8tion is present. the resulting recabina t ion  a t  such 
a defect rill produce l o s s  callected currant and a darker b r a e  ( c o r r e s p o d i q  
t o  l e s s  current collection) in the CpV display.  &ampler of EBIC images of 

f i q u e s  ia t b i s  paper. 

As a resul t ,  n single hi@ ensray electron i rc idsnt  on the 

Tbe important carr iers  Bere are the 

recombination a t  gra in  bODBd&ries 8rd a t  dirloaatio8s T i l l  be t h m  l a t o t  

fhe description above indicates that  EBIC Is an elecxron-beu analog of 
the photovoltaic offect .  The ircr#es one obtains using l igh t  beam indoood 
current \I,PIC) a m ,  in fact ,  s imi lar  t o  those seen f r a r  SIC. LBlC senerally 
has poorer rosolotion than EBIC bat offerr  the a b i l i t y  t o  yenerrto carriers a t  
varying d i s t a n o ~ s  acoorains t z t  tho r r v o l b q t h  of the 1il;pt c3oren. 

Vith =IC, the depth of penetration o r  the r a q e  P, of the elrct ron b e u  
it a function of tho eleotron bem energy, E. with t h i s  form for  si l icon: 
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(1) 1.67 R = (0.032) B 

where P i s  b microns a d  B i r  i n  LSV. 
model ahorea. 

Tke r.lye-enrly relarion depends on the 
e n l y  rred rodel aives R 7 p a t  30 teV E2l .  

A reasoasble a d  areful  8pprorim8tion for  s i l ioon is t o  consider the 
eleotros-hole pair aeaeration rolrre t o  be a sphere taagenb t o  the r q l e  
surfaoe. P is then the diameter of t h i s  sphere. For a 30 h V  b e u ,  P 9 pm. 
It is 81.0 a 18arure of the resolution obtainable. It is important t o  note that 
the rerolution it only w r k l y  dependent on the minority - t r i e r  diffusion l e q t h  
a d  is mainly determined by the v a l w  of 1. 

There i r  a eonriderable body of l i t e r a t a r e  90. available on qmaatifyin# 
=IC, bot we w i l i  coactera o a r r e l w r  with two or t h e e  teahaiqwr to partiuular 
.hi& we have foaad useful in stadping solar  ColLs. 

A8 rentionad 8bOve, an =IC image ptavidos 8 r s a a b i u t i o n  map. In 
addition t o  r i rp ly  knowin# the sp8ti.l location of reaabina t ion  r i t e r .  it i r  
important. particularly f r a  the point of view of raking higher efficieaay 
8ilioon ribbon 8 0 h t  C8118. t o  further a a d e t 8 t d  what $8 t 8 k h g  9hCe a t  the80 
reaabina  t ion  t i t e r .  

Accordingly. we hive I n v e s t i ~ a t e d  the use of BBIC a t  low teapetrturer 131. 
h aeneral, a C08tfdatable moat of :-ecarrbination coatrart  enhanoemant is sees 
in IW6 r i b h n  r i l i c o a  rhen goin8 f r c a  r o a  temperatrue to, say, 200% n r o w  
the use of a trappi- model, it war down that  the experimental result8 obtained 
corld be interpreted as dp. t o  shallow ensr#y s t a t e s  located below the 
conduction band and that  the activation emqy of these levels c o d d  be 
calculated f r a  t&e lw temperature =IC data. 

Furthemre, the beh8vior of there trapr as a funat ioi  of thermal 
procersin& and mil her been 8t8died and m i l l  be dircusred belor. 

hhot tky  bCYriOr8 8Bd w, diffused junotions wore used 88 oollsctia# junctions 
for the -IC work. 
nitroaercoolod rwcioan wuat whioh -8 f i t t e d  t o  a Cubridae 84-10 s9y. n o  
ritbon sample and a single crystal  (z refersac+ ~ ~ s p l e ~  w t 6  mounted 01 a thick 
copper Black with z t Z i & . y ~ ~ o % p l ~  between the two r u p l e r .  
arr-exe~t,  the  electron Is- induced current a t  a part icular  dsfest  coo16 be 
w a r u e d  by ad!obtin& the ocndonrer lenres 68 the SBT t o  l i r e  e pre-oelectrd 
value of the EBIC f o r  the CZ reference ce l l .  
observed i n  the CZ reference c e l l  a t  300T or down t o  206%. As arsoeptioa used 
in nnking the r s a r u r ~ e n t r  i s  that the =IC of the reference c e l l  i r  independent 

The ribbon sampler t t rdied here were p-type. with p - 1 *os. Both Al 

Tho 1- temperatUf6 =IC -88 do- U 8 i . 1  l liquid 

With t h i r  

No r i p i f i o a n t  defeotr were 

Of tag*X.tUe. 

The aorural r e r r l t  obrerred i s  shown in Fig. 2 whore the emhanoed 
reoabina t ios  alona end betveea the l b e r r  borud.rior a t  lor temperature aan 
readily be reen. In the r o a  t a p e r a t a t e  photoarapb in P i # .  2 ( top  photoaraph), 
the protot;.pioal defects soon by E8IC on Bpo ribbon are evident. 
linoar bomadarier paral le l  t o  the growth direction and array8 of di810C8tiOaS 

There are 
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mithin b8lldE bordered by lb08r boURd8riQS. 

Quantifying the above is  done by reasu i14  the EBIC signal a t  a par t icu lar  
defeot as a funation of temporotme. 
and the valoa of the BBIC signal a t  the defect8 a diffusion l e l y t h  L, corld be 
ass iwed t o  the region enclosing the defeot [3,41. 

Using the single c rys t a l  reference o e l l  
! 
I 

A model was developed i n  which the enhrnced recambination seen a t  lover 
t a p e r a t u n s  was viewed as d w  t o  trapping of electrons a t  shallow levels below 
the conduction band [31. Figure 3 shows the scheme used for  the  sodel. 
a level is a t  an energy bg below the conduction band, then it w8s possible t o  
show t ha t  

I f  such 

Thus. measuring t;Be value of L a t  a par t icu lar  defect as a funotion of 
temperature would permit the calculation of tha t rap  ac t iva t ion  energy, AE. 
t h i s  way, three oh8llow t raps  were found, Bc - 0.04 ev, Bc - 0.10 Sv, d Bc - 
0.13 eV.  

Io 

The behavior of those traps itrdicates considerable sens i t i v i ty  t o  both the 
p8r t icu lar  growth conditions (quartz or braphito c r u c i b l e s ~ .  addition or 
non-addition of 0, t o  the growth ambient used. and also  t o  the temperature 
employed f o r  the n-type diffusion. 

A feature 0-8 t o  a11 the abovs cases i s  the spa t i a l  an~horing of these 
traps a t  dislocations or a t  1Jne.r boundaries. 
not affected by diffusion temperatures up t o  1050°cD a t  l e a s t  within the BBIC 
spa t i a l  resolution limit of -9 pm for  a 30 keV electzon beam. 
i l l u s t r a t e  s m e  differences i n  EBIC temperature behavior (increasing 
rOQombin8tiOn with decreasiag teaperatope) for  the as-grown qaartz crucible and 
as-#rorn Braphito crucible s i l i con  ribbon. The graphite material (Pig. 5) shows 
a saturation a t  temperatures below 153% indicating tha t  below t h i s  t ~ e r r t u r e  
electrons do act &trap  back in to  the Goduction band but undergo a t r r n r i t i o n  
t o  a deeper level a t  whi.ih recombination takes place. This l a t t e r  proaess takes 
place w i t h  r e l a t ive ly  l i t t l e  t w o r a t o r e  rnns i t iv i ty  as opposed tr; the 
exponential behavior of the detrapping prooess. The alurtr-drown r a t e r i a l  (Pig. 

d i s t r ibu t ion  Changes a t  -188JK f r o  the 0.04 level t o  a dolintnos of e i the r  the 
0.10 level or the 0.13 levo:. 

The location of these t-apc is  

Figures 4 a d  5 

4;, on the other h 8 d D  Sh-8 either: 00 r a t w e t i o n  d o e  t 3  ZMeK I ; f  &ha tr8p 

Trap bslavior in  so la r  c e I l t  made f r a  the r r rph i t e  crucdble r a t e r i a l  in  
which the [Oil was varied by changinp ths  'nS p a r t i a l  pressure i n  the growth 
r s b i m t  s h n e J  a t r ans i t i on  f:oa the 0.04 eY level t o  the 0.10 eV level only 
when [Oil > l o x 4  m-*. 
instead of 900.C). a l l  shalloa t rap  leve ls  aould be suppressed. These r e s u l t s  
a re  summarized i n  the to;u cases shown i n  Fig. 6. 
we believe tha t  these shallow s t a t e s  cammica to  i n  same way with deeper Bid-g.0 
StatOSD but l i t t l e  oan be said about t h i s  a t  t h i s  t h e .  

Also, in  cases a t  higher diffusion temperatwos (104O@C, 

Figure 6 a l so  indicates t ha t  

The resu1.s suggest tha t  8-0 so r t  of oxy&en-related ccrplex is  formed a t  
these e l ec t r i ca l ly  active dislooations. 
when T > 104PC. 

The complex then dissolvos or breaks up 
For [Oil  > los6 there is  au in te rac t ion  with the 
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8 h l h e 8 t  trap a t  - 0.04 ard traps a t  B - 0.10 a a  Bc -- 0,13 eV tlua 
r o a i f e r t  t h ~ 8 e l W 8 .  
bat rinao carbon i r  prosent in coneontrationr of tho order 0% 10'' as-). !t 
probably h.8 a najor role t o  play. 

The effect  of carbon !in a11 thir  rerains t o  be &I ..xwcad, 

hCentlp,  W have be&'- U s i q  1- temperrttue =IC t o  8tLdJr d f d Q ~ 8 t i O n t  
which are formed under horn r t r e s r  and teaperatore corditroar. 
or tabl i rh  a referenee. i n i t i a l  work ha8 been dono on rin#le cryrtal  matorial. 
n e  u t i l i t y  of low temperrtruo mIC ia Onhwwing recmbinrtion rt  t h o  

88.110~ trap lbvels have not yet  been ~ a r u r e d  here bat the hi@ly enkanced lm 
tsnparaturc IPIIC contrast of there d i s ~ o a a t i o r u  f a  quite evident from FiB. 7. 

In order t o  

I d i r ~ o a 8 t i o n r  f o m d  i n  t h i r  care by p l a r t i o  dofo iu t ion  can be reen iP Pig. 7. 

The hhaogeneoou dist r ibut ion of the two types of defects which aro 
e8831y -led by mIc, aloelp dirlOa8ti01&8 a d  8 t . b  boaad.Zie8, DO- th.t the 
diffusion lengtb, L. a180 vr r ies  spa t ia l ly  in r a t e r i a l  which contains there 
def ect  s. 

In am!.yxing the current co1leo:ion in  EBIC when defects or relions of 
diminished v a l w r  of L are  present. several approaches a id  possible. 
8pprorch 18 t o  t r e a t  the defect as a perturbation 5~43~1 that L &awe8 abrrrptly 
when 8 defoct f r  encoQatored. With this  approach t o  the problem, an analysis 
bu i l t  up using point aefects a8n be done so that l ine  defects and planar defects 
can bo studied. Donolato [SI has used t h i s  method extensively in hi8 paperr and 
we w i l l  thor how i t  can be u t i l i zed  further on in this section, 

One 

An approach which roprerorts an opposite extreme GID ~ $ 0  be taken (41 
rhere one atsumes (1) that  the defectr a re  distributed Ovor a f i n i t 8  v o l u ~ e  and 
in fact  f i l l  the Beaeration sphere. and (2) that  L varier in a smoother and l e s s  
abrupt fashion in moving f r a  a defeat t o  a defeat-free region. 

Both of these approaches w i l l  be i l lus t ra ted  with experimental erlapler 
which w i l l  SI80 show the advatSages and dibadvmtages of each approach. 

Tbo ahailow trappint level model ut i l ized Pa tho tatotpretation of the lor 
t-ratore BBIC data implicit ly used ths r e ~ o n d  approach where the defect is 
Vj8MliZed 88 f t l l h g  the &emf8tiOn Sphere. Thi8. Of COUSSO,  i 8  8 8 i r p l f r t i C  
k88mptiOn but it a11OWS U t  t o  a 8 8 i p  8 npsber O r  diffurion l o w t h  a t  8- 
particular p d n t  d o n 8  an BBIC line wan. 
the r u e  region of a r u p l e  of Bpo s i l icon  ribbon before and a f t e r  thermal 
prooorsing. In Pig. 9 are  r h m  l ine  80.nr throo#h tho s u e  region before and 
a f t e r  t h a a a l  prooarring 810- with the deorerre in  diffusion length valuer a t  
vrrioor point8 followrng the thermal prooarring. The reoa3inr t ion  reon a f t e r  
the thermal p r o c e r r i n ~  oacotr a t  the r a m  r i t e 8  which exhibit enhanoed 
recabinnt ion a t  low temperaturer. 
t eap r r tu ro  BBIC data h8d8. tO a pictore of the intragrannlar dirlocation arrayr 
as bein# the s i t e s  a t  mhioh reecabination chanaer take place, inolmdiq a h a q e r  
i n  the shallow eleotron traps. 

Pj.gure 8 &ow8 E6IC ricro#raphr of 

Thir typo of data a8 we11 as the lor 

i 
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-e diffusion length f o r  iatragr.nu1ar regions on e i t h e t  side of t h i s  bomdary. 
One takes a l i n e  soan throagh the gra in  boundary .nb by wasur i -  simple 
B e a e t r i c  propert ies  of the l i n e  scan re la ted  t o  the half  width, these 
pa rme te r s  can be extraoted. 
desoribed above, but requires  a r e l a t i v e l y  ttcle.gtf bomd8lry without e r t r w r ' y  
dense disloaat ion arrays adjacent t o  it. 8 s i t r u t i o n  which is  of ten  found in 
s i l i c o n  ribbon. In the  followin@ sect ion on hydrogen passivation, an 
appl icat ion of t h i s  method rill be described. 

This method i s  more accurate than the  one 

In the ear ly  work on hydrogen passivation of gra in  boundaries, it was 
demonstrated that the e l e c t r i c a l  propert ies  of gra in  boundaries could be 
d r u a t i o a l l y  a l te red  a f t e r  hydrogen passivation [a]. This  IS a perfeot 

hydrogen passivation of grain boundaries were obtained (71, &long with 
impressive i rprwct lentr  i n  so l a r  c e l l  efficiency. 

8ppliC8tiOn fo r  mIc. and. h fac t ,  d r u 8 t i C  before Opd a f t e r  D I c  phot08 Of 

An example is shorn i n  Fig. 10. BBIC photos such as these indicated tha t  
i n  s a e  cases hydrogen prss ivat iun could v i r t u a l l y  e l i a ina t e  any EBIC cont ras t  
due t o  grain boundary recombination. 
where It - 9 p. Thas, passivation proceeded down t o  t h i s  depth, but did it  
proceed any fur ther?  

These EBIC photos were made a t  30 Lev, 

To answer t h i s  q e s t i o n ,  a techniqw was developed t o  measure the depth of 
penetration of hydrogen passivation down grain bomdaries  [SI. Pigpre il is an 
i l l u s t r a t i o n  of the comfiguration used. The sample is cleaved and the clecved 
surface is exposed t o  hydrogen ions. A blocking layer o f  PB, diffusion-piduoed 
g lass  subsequently covered with a t h in  layer of evaporated T i  is  used t o  confine 
the hydrogen penetration t o  be norm1 t o  the cleaved surface. 
passivation, the sample is  turned 90° and EBIC is  do= on the side with the 
blooking layer.  
e leotron beam. A typical  result obtained with t h i s  technique i o  shorn in Fig. 
12. 
fopnd. This var ia t ion  was due t o  great  differences i n  the recamb5aation 
propert ies  of d i f f e ren t  boundaries. 
above, t o  ~ e a s u r e  S. a roughly l inear  re la t ionship f o r  In S VI. the p8ssivation 
depth, x. was found f o r  x 35 pm and S L 2 x 104 cma/sec. This is shown i n  
Fig. 13. 

After 

The T i  layer  is th in  enough t o  permit penetration of the 

In t h i s  way, passivatJon depths of anywhere f r a  -5 pm t o  -200 p wet* 

Using the  method of Donolato, referred t o  

Exploiting t h i s  technic-w even fur ther ,  it was found tha t  d i f f u s i v i t i e s  of 
hydrogen down grain boundaries could be measured a t  400OC and ranged frorr lo-* 
t o  lO-l* c+/sec. These values were the f i r s t  d i r ec t  d i f fus iv i ty  measurements 
of hydrogen diffusion down grain boundaries and show the power of BBIC i n  b e t t e r  
understanding hydrogen passivation. 

The u t i l i t y  of BBIC in studying recombination i n  s i l i c o n  ribbon has been 
desoribed. Ef for t s  a t  quantifying ':he teohniqw hove begun to  y ie ld  some f r u i t .  
The behavior of shalloa electron trapping levels  associated with dis locat ions in  
the material has been monitored. The s i tua t ion ,  while undoubtedly complex. does 
&or t ha t  there are three basic t raps  and t ha t  they are especial ly  sens i t ive  t o  

I 

I 
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(0 1 and t h s r u l  prooessing. 
d o t s t a n d i n 8  the role of oxy88n a d  tksmal  prooessioy in t h i s  material. 

studyiag the eleotr ioal  bohavior of disloaations Bas been disooosed. 

Thus, the method oould be of use in bet te r  
"bo 

US0 O f  1- t-S8tP+e mIC in StPdyiw these tr8ps, .nd~ in  801Ddt81~ in 

Hydro8ea passivation of defeats in si l ioon ribbon is 8 part ioular ly  apt 
applioation of BBIC analysis. 
depths aan vary fraP 5 t o  200 pm along &rain boundaries and that bydro80n 
di f fus iv i t ie r  810ag snch boundaries can vary br# lo-' t o  

BBIC work has 8lr08dp shorn tlut passivation 

oaa/reo. 

3. J .I .  H s n ~ h ,  LO. Bell and B. &they, in: Proc. of Symp08i8 on Bleotronic 
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etJIizcI: When y3tl s b d  the diffvrivitier of lo4 to I take it goo 
81. rai€w %b8t fAfs is the diffasivity in the srain boundaries, but not 
awersarily in the balk  silicon. 

po(LucI: Yo0 also indicated that you think that hydrogen m a t  i r k  the balk, 
also through 0.0 of your loasor-ats. Did f read goo ri:Lt? 

EOtlATCI: Bau deep was the detection of the hydrogen? 

Buou: In fact, it is not smthinl; I am discusming here. but we $A= a con- 
siderable m o a t  of evidence to indicate that the hydrogen goes down in 
t h e  bulk tat-her deeply olea. Ue will bs publirhinp. ami? drta on that  veri 
soon. 

EOHATCI: This is in contrast to what Larry (Karrerski) said in his talk this 
~orning, that hydrogen doesa't go through the balk silicon. 

HABClh: It is not a simple bulk diffusion. Through ordinary good non-defect- 
free silicon, because there isn't much data on the diffusion of hydrogen 
d a m  bulk silicon, but data indicata that the diffusivities are something 
like EO you don't expect -- it's only Angstroas that you would 
espect the hydrosen to be going that way,. Sz it has to be a defect- 
assisted diffusion d m  the bulk region. 

BOUTGI: Thea I take it this range of to that you had was 
based on this range of passivation that you saw all the way €cor 5 to 100 
L icoweters. 

RIWOKA: Yes, that is right. 

EOHAIGI: "hat is the reason for this big rante? 

iiAIJ0K.A: Yes. Gemxally, the boundaries that shod the shallowest passivation 
are the one that have the highest surface reembination 1-elocity. 

L.KSK: Can you please mention your beam current densities and whether or not 
you had akterpted to control the temperature during the implant? 

HdYOM: The :utrent densities were about 2 dlliupe/ca2 and the tempera- 
ture -- it is hard to measure the temperature and there is some ccntro- 
versy about this --- but I think the temperatures of our samples are fairly 
high, Saa4thing on the order of 4OO0C to 500°C when we passivate. 

D U D :  Could you corent about your numbers for the diffusion lengtht If the 
distance between the grain boundaries is leas than the diffusion lenyth 
in this area, is your measurement correct? 



I 

- I  -. 
.*  
! 

Buou: Y m  are probably rigat but 68netally what you f ind is tho distanca 
ktumm t38 e h e t r i e e l l y  active boradaries on tke ordor af severel hundred 
ricrattets or8 avorqo. sad at diffnaioa leagthr unfortunately ate not 
so*.tal kundred aierarotars. 
cases. 

50 I dm:'t think that is a p t o b l a  in rost 

m: Actoally, I gam it  a t  the ECS -ti- in  Minneapolis .boot tam or 
three years ago, b r t  I have not pmblished i t .  It was j u s t  an oral pte-  
sontation, bot I .m planning to p b l i s h  it  soon. 

SIPIZ: So far  nobody else ha.. 

-: lot that I .I amre cf. 

I 
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Amost Weugrsschel 
ihpnrtment of E l e c t r i c a l  Engineering 

Univcrb i ty  af Flor ida  
Gainosvi l le, FL 33611 

R review and i l l u s t r a t i o n  of e l e c t r i c a l  rreasurernerltc for  determination o f  
the bulw parameters i n  s i l i c o n  solar c e l l s  i s  given. The presentation 
concentrates on t rans ien t  and ma! 1-signal admittance nreasuremefits. These 
neasuremwts y ie ld  accurate ana r e l i a b l e  values o f  the base l i fe t in re  and the  
surface recarabinatfon velccity a t  the  back contract without inaccuracies t h a t  
nama?ly  resu l ts  frm electrons and ho?es i n  the  p/n junc t ion  space-charge 
region. This then allows the dg terminat im o f  the  recanbination current  i n  
each cegian of the c e l l ,  hs ae example, current components i n  the emitter, 
?cnz-doped base, h1gh-dapa.I base and j m c t i o r !  space-charge region o f  the aack- 
surface f i e l d  c e l l  are  obtained, Such ap3iysis i s  essentiai i n  determin+og the  

l i a i t s  the  c e l l  efficiency, 

! 

1 r e l a t i v e  importance o f  the base and 'he e n i t t e r  aqd, t h i s ,  the region thGt 

The e f f i c i ency  of state-of-the-art so la r  c e l l s  i s  determined p r imar i l y  by 
the s fno r i t y - ca r r i e r  dCffusion length i n  t k  base o f  the c e l l  and for  sane 
c e l l s  also by the surface recanbination ve loc i ty  a t  the 5ack contact. It i s ,  
thus, very inpor tant  t o  have measurement methods f o r  f a s t  and r e l i a b l e  
determination of these tw parameters. 

Var ious  Irethods are avai lab le a t  the present, sane of  A i c h  were reviewed 
by others [l]. I n  t h i s  presentation we canceotrate on t w o  methods only: 
(1) the  shcrt-ci  rcu i  t -current  decay method [ Z ] ,  and (2)  the m a l  1 -signal - 
admittance methods [3-53. It w i l l  be demonstrated tha t  these two approaches 
y i e l d  r e l i a b l e  resu l ts  d i r e c t l y  from the data without any adjustab?e parameters 
which are usually taken from the l i t e r a t u r e  when using scars other techniques. 
m e  mthods also a l l o w  tSte determination o f  the  r e l a t i v e  importance of the base 
and the emi t ter  regicns of  the ce l l s .  

. 
T 
\ *.' 

11, SNORT-CIRCUIT CURRENT DECAY (SCCO) 

This  i s  a r e l a t i v e l y  new mthod described i n  de ta i l  i n  [Z ] .  Ue w i l l  
d e x r i b e  i t  here only b7ief l .y. A solar c e l l  i s  forward-biased wi th  voltage V 
causing forward current I f .  A t  time t=O, the cell i s  shor t -c i rcu i ted through a 
f a s t  and very 1 m  resistance HOS t rans is to r ,  by applying a voitage pdlse t o  the 

t 
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i gate, see Fig, l ( a ) .  The current t rans ien t  measured across a small r e s i s t o r  R 

i s  displayed on an oscil loscope. The current t rans ien t  can be expressed as an 
i n f  i ni t e  ser ies o f  exponent i a1 decays 

where Tdi i s  the decay constant of the  i - t h  mde and ii(0) i s  the 

and the higher decay nodes can be neglected, The value @f the first-mode 'cd i s  
obtained simply fmm the l a g e i ( t )  vs t plot ,  and the corresponding i ( 0 )  i s  
obtained by extrapolat ing the s t ra igh t  por t ion  o f  the -p lo t  t o  t=O. This 
ext rapolat ion is  necessary p a r t l y  because the  delay t ine constant o f  t he  
n e a s u r e n t  c i r c u i t  prevents accurate measurement inaedi  a te l y  a f t e r  the  c los ing  
o f  the switch. The resu l t i ng  p l o t  i s  scheaat ica l ly  i l l u s t r a t e d  i n  Fig. l(b). 
Figure l ( c )  shows the neasured current decay f o r  a n+/p/p+ back-surface-field 
(BSF) so la r  c e l l  w i th  zd = 6.4 pssec y i  e! d i  ng Ln = 180 p, 
Seff = 1.3 x 10 un/sec. 

I corresponding i n i t i a l  value a t  t=O.  As shorm i n  [2] the f i rst mde  i s  dominant 

3 

The two neasured quant i t ies ,  i ( 0 )  and Td, are both funct ions o f  t he  
minor i ty -car r ie r  base 1 i fe t ime 'c and the e f f e c t i v e  surface recombination 
ve loc i t y  Seff a t  the back contact. Simultaneous so lu t ion  o f  these tm, 
dependencies (see Appendix A) y i e lds  the desired parameters: T and Seff. 

The discharging o f  the excess zlectrons and holes i n  the j unc t i on  space- 
charge-region (SCR) occurs w i th in  a t i m e  of the order o f  -1O' l l  set .  The 
discharging o f  the excess ca r r i e rs  i n  the emi t te r  occurs w i th in  a time about 
equal t o  the emi t ter  l i fetim o r  emi t ter  t r a n s i t  time, both o f  which are much 
smaller than the first-mode 'cd. As a resu l t ,  the SCR and the  e n i t t e r  do not 
a f fec t  the t rans ient  observed on a t i m e  scale about equal t o  'cd. 

This fact i s  m e  o f  the m i n  advantages o f  t h i s  mthod  o f  measurement o f  
the base propert ie< i n  comparison w i th  more conventional t rans ien t  methods, 
such as the cpen- i i r :d i t  v o l t q e  decay (OCVD) and the reverse-step recovery 
(RSR). As discussed i n  d e t a i l  i n  [2], both the OCVD and the RSR methods s u f f e r  
fiwm d i s to r t i ons  caused by the recmbinat ion w i t h i n  the SCR and the emi t te r  
tha t  pe rs i s t  throughout the e n t i r e  decay. 

The s e n s i t i v i t y  of  the SCCO method t o  the bulk l i f e t i m e  and t o  the surface 
recombination ve loc i ty  i s  i l l u s t r a t e d  i n  Figs. 2(a) and 2(b). These f igures 
shw t ha t  f o r  t h i n  c e l l s  w i th  W << L, the SCCD method i s  very sensi t ive t o  Seff 
but r a t b c p  insens i t i ve  t o  T. For c e l l s  wi th  W >> C, the method i s  very 
sensi t ive t o  T but insens i t i ve  t o  Seff .  This behaviour can be explained by 
rea l iz i r ,g  tha t  i f  W << L, then most of  the minor i ty  ca r r i e rs  recombine a t  tne  
back surface. However, i f  W >> L, then most o f  the recombination occurs i n  the  
bulk. 

G 

t 
% 

In the two l i m i t i n g  cases above, the SCCD technique W i l l  y i e l d  only one o f  
the desired pzrameters, E i ther  L o r  S. I n  order t o  determine the other 
parameter f o r  these two cases, the SCCD measurement has t o  be SiippleWnted by 
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saue other  external cha rc te r i s t i c  of  the ce' l l  dependent on both S dnd L. For 
example, one can use the dark saturat ion current Io o r  the open-circui t  vol tage 
Voc f o r  t h i s  purpose. Both 10 and V,,, hawever, may be af fected by the  emi t te r  
r e g i m  and the combination o f  SCCO - Io or  SCCD - Voc may give misleading 
resu l t s  for  the  base parameters. 

I n  the  next sect ion we explore m a l l  s ignal  admittance techniques t h a t  are 
sensi t ive p r imar i l y  t o  the base propert ies.  The canbination o f  the SCCO and 
the  admittance techniques gives the base parameters (S, L) for  any c e l l  
regardless o f  the W/C ra t i o .  

Saa:\-signal admittance measurements can be used t o  analyze a var ie ty  o f  
semi conductor devices. We d i  scuss here speci f i c a l  l y  the  appl i cat ions f o r  
analyzing the so lar  ce l l s ,  namely measurement o f  the base L and Seff and the  
separation o f  the emi t te r  and the  base current components. The small-signal 
measurements can be perforned e i the r  a t  low-frequencies (07 << 1) o r  h igh  
frequencies (m >> 1). The choice o f  a p a r t i c u l a r  frequency range will depend 
on the W/L ra t i o .  

Consider a n+!p/p+ BSF solar  c e l l  shown i n  Fig. 3(a!. For a low-frequency 
signal  w i th  an << 1, where T~ i s  the minor i ty -car r ie r  e lect ron l i f e t i m e  i n  the  
p-type base, %der ive the expressioi+ f o r  the  small-signal quasi-neutral base 

and conductance G , respect ive ly  (see equations (B1  and capacitance 

G ,, , Ln, and Seff. The parameters C 
c$nhnation of (B l )  and (B2) y i e l d s  L, andlYeff. 

LF 
are measured 

(r3) i n  B). Equations (B1fN!nQ,(B2) c o n t f p  four upknowns: C , 
and G~~~ 

It i s  worthwhile t o  discuss i n  more d e t a i l  a few special cases: 

A . l  Long aicde: W > C 

For t h i s  case, ( B i )  and iB2) yielc! a simple expression f o r  

- 
and T,, 

LF 
CpNB 

and 
LF 

2Cpm 
'n = F- 

QKB 

The base d i f f us ion  length i s  oblpined eithqr,from (2) o r  frm ( 3 ) .  The de ta i l s  

i 

concerning the deduction o f  CLr 
I 

I I 
~ 3 1 .  AS an i l l u s t r a t i v e  examp?!: 

and GLr QNB f ra  the data are d '  cussed i n  
we shod i n  Fig. 3 t he  masured C k i B ( V )  and 

313 

J 



- &  

6 LF ( V )  p l o t s  f o r  the p+/n device with = 1.25 x 10 15 cm- 3 . The analysis 
u p98 ng (3)  or (3 )  gives Lp = 80 m. 

2 A.2 BSF so lar  c e l l :  W 
P P n  n 

I n  t h i s  case, (81) and (621 are solved t o  y i e l d  L dnd Seff. F igure 5 
shows the measured C(V) and G ( V )  dependencizs f o r  a p+/n# BSF solar  c e l l  from 
which we der ive Lp = 500 and Seff = 80 cm/sec. 

The lnethod f a i l s ,  however, f o r  S f f  << 0 W/Ln; i n  t h i s  case GLL = KU /T y ie lds  zn, but Seff cannot be bund .  h o t h e r  l i m i t a t i o n  ex i s t s  
f8r highPva7uc?s o f  Seff >> D,/Wp; i n  t h i s  case both (81) and (82) are 
independent of Ln and Seff. 

The above d i f f i c u l t i e s  with the LF Rethod can be l a rge l y  el iminated by the  
high-f requency approach. 

s Ln, W 0 /L < Seff < (On Up) - 

2 

B. High-frequency Pthod (W) c53 

We t r e a t  the high frequency method for two special cases. 

- 8.1 an > 10 and 0.1 Wp/Ln 5, 1 

The small-signal admittance then i s  

The important conclusion fran (4) i s  t ha t  the uli2 dependence gives the range 
o f  0.1 < W /L < 1 regardl s of the value of Seff. To obta in  che des i rab le 

frequencies t o  obtain an i n t  rcept  wI wi th  

paranetek,' 2 -masure GgNB I!?? vs w f o r  UT > 10 and extrapolate t o  loner  

LF given by (82). This gives QN8 G 

Equation (5) cannot be be solved f o r  L, and Seff except f o r  tho fo1:owing 
cases : 

a! Se f f  < DnUp/Ln 2 < Dn/Wp 

The rnethod i s  i l l u s t r a t e d  i n  Fig. 6 f o r  the  p+!n/n+ so la r  c e l l  o f  F ig .  5. 
fo l lows the u'/' dependence f o r  f > u lo4 Hz with the in te rcept  a t  ax = HF 

GQN 
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(2x!103 l/sec. Using (5) and combining w i th  Seff = 80 cm/sec obtained by the  
LF method, we have L = 503 p, which i s  i n  excel lent  agreement w i th  

Even thwgh  the general so lu t ion  (5) cannot give L and Seff exactly, and 
from (6) o r  fran ( 7 ) ,  the method 

i s  wry us u l  vs u1j2 dependence shows tha t  L > Y; 
t h a t  tho, m i t t e r  con t r ibu t ion  t u  

the conduct%ce (and dark current )  i s  neg l i g ib le  ( t h i s  po in t  i s  discussed 
fur ther  below); (iii) the SS2D for  L > N y i e l d s  an accurate v a l w  o f  Seff on ly  
and using t h i s  value i n  (5) we obta in  an accurate value f o r  L. The combination 
of these two methods gives L and Seff f o r  p r a c t i c a l l y  any c e l l .  

t% YitW cornpent .  i s  GgNE HF xplored o f  the i n  t o t a l  neasured quasi -neutral condtic 
Fig. 7. The time constant zE o f  %NE is(;t!ven by ei',h:PNb Auger l i f e t i m e  
TA i n  the heavi ly  doped m i t i e r ,  o r  by the canbination o f  TA and the  
t r a n s i t  t im [6]. ,Jhe emi t ter  t ime constant i s  much shorter than the base 
l i f e t ime ,  thus H,GQi5HFis+ f$?quency independent up t o  f = 
Figure 7 shows G - f o r  an a r b i t r a r y  choice of  
region f a r  wayQNfrmQN!he g%e can be f i t t e d  t o H e  ne w i th  
G a w1lrn, where m > 2. w i c e ,  however, t h a t  9 f o r  GONE i)I4 i s  c lose t o  the  
in te rcept  value wI for  G = 0. Furthennore, s'vce L a 9 , a H p a l l  
i n  uI gives $y a negl g b l e  e r ro r  i o  L. 
wI = 1.5 wI (GqNE = C),  t h i s  gives an e r r o r  i r ;  L o f  only about 10%. 

= 500 using the  L8method alone. 
LP 

only one of the parameters i s  

(ii) t h e  G '' vs w 

The s e n s i t i v i t y  of the HF method t o  

- 

IFor qN5 %NE = G ~ ~ 9  
For example, f o r  

8.2 wrn > 10, W /L 6 0.1 

The condi t ion 
P n  
W /Ln 6 0.1 

- 
may apply f o r  the t h i n  c e l l s  (50 - 100 pn) 

wi th  a very long l i f e t b e .  For t h i s  case we have 

For BSF ce l  Is, Seff c D,/Wp and (8) y ie lds  

Figure 8 shows the  GHF vs w dependence f o r  a 8 pn t h i ck  ep i tax ia l  n-type 
laye r  w i th  doping densi ty%" = 5 x l d 5  cme3. The w2 de endence f o r  f > 1.5 
MHz imnediately gives Lp > 1OW > 80 pn and also Seff < <  w&~/JD, (< 1.2 x l o 3  
cm/sec. More accurate analysis o f  the knee region below the w2 dependence 
gives Seff = 120 cm/sec and using t h i s  value i n  ( B 1 )  gives more accurate 

Note, t ha t  the HF method f o r  L > 10 W gives only thP lower l i v i t  o f  L and 
the upper l i m i t  o f  Seff .  A combination o f  t h i s  technique wi th  e i t h e r  the LF 
nethod o r  the SCCD can give more accurate resul ts .  

Lp 190 pJn. 
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- 8.3 mn - 10 , Wp/Ln - 0.1 

'1' f o r  
Obviously, there as t o  oe an W /Ln 5 0.1 and 

i h e m d i a t e  range f%y Wp/Ln - 0 . f  where G NB a urn ( < m 5 2). One possible 
approach here as t o  obta in  Seff frm th? SCCD method and ther! f i t  the 
theore t ica l  GBN(',f~;nL~ w i th  the experiment. A v e r j  reasonable 
approximation o -rn mado, however. by r e a l i z i n g  tha t  the GaN vs w 
dependence begins t o  increase from i t s  low-frequency value f o r  

= lo/% [SI. Thus, T = lo/?, where W, can be approximated as the  
in te rcept  o f  !he 

HF 
G~~~ a (i For the previ  two special cases we have obtained ?' a u2 f o r  W /Ln 5 0.1 

RF 

l i n e  w#h the extrapolated a urn dependence. 
" = 

OQN 

It i s  important t o  analyze the contr ibut ions o f  each region o f  the  c e l l  t o  
the t o t a l  dark current (o r  Voc). Such an analysis i s  demonstrated here f o r  a 
n'/p/p+ BSF so lar  c e l l  s h m  i n  Fig. 3(b]. The analysis i s  based on the  
determination o f  the base parameters T,, and Seff by one of the  methods 
discussed i n  Section I 1  and 111 .  This i s  s u f f i c i e n t  t o  ca lcu la te  the p r o f i l e  
of  the minor i ty  electrons i n  the base. The recombination losses i n  the base 
are given by ( 8 2 )  and the recombination losses i n  the  p'-BSF por t ion  o f  the  
base are 

The SCR recombination currerlt ISCR can be determined graphica l ly  [7] and the  
emi t ter  con t r ibu t ion  I E  i s  obtained by r e a l i z i n g  tha t  the t o t a l  dark current i s  

For example,such anelysis o f  the p+/n/n+ BSF c e l l  of  Fig. 5 gave [4]: 
L = 500 p, Seff = 80 cm/sec, IB = 0.8 ID, ISCR = 0.2 I,,, IE << ID, 
I B  8 << I D .  

Table I gid2s a summary o f  resu l ts  f o r  a number o f  d i f f e r e n t  ce l l s .  A 
comparison o f  resu l ts  obtained by d i f fe ren t  methods, shown f o r  some c e l l s ,  
demonstrates very good agreement. Notice, i n  pa r t i cu la r ,  the l a s t  c e l l  i n  
Table I, which i s  a t h i n  c e l l  (Wbase - 92 p~)  with Ln - >  WB. For t h i s  c e l l ,  
t he  SCCD method gives but the mthc ~ i s  insens i t i ve  t o  L, 
(see Fig. 2(a)). We have t o  combine the SCCD method w i th  the high-frequency 

Seff  = 180 cm/sec, 

small-signal admittance method and then use ( !  
SCCD method t o  determine Ln. 

The main conclusion o f  t h i s  study i s  t ha t  
s ignal  admittance methods y i e l d  a rap id and re1 

i 

I 

i -''; 
i 

1 with S e f f  obtained from the 

the SCCO method and the small- 
able determination of  the base 
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parmeters. 
base and the emi t ter  regions w i th  regard t o  c e l l  e f f i c iency .  
t he  region l i m i t i n g  the  e f f i c i ency  i s  a key t o  an informed c e l l  design. 

They also al low the  determintion o f  the  r e l a t i v e  importance o f  the  
I d e n t i f i c a t i o n  o f  

Acknowledgement: This work was supported iri par t  by NSF Grant No. ECS-8203091. 

AppEloIX A 

.. . 
., 
3 .  

To obtain the  base d i f fus ion  length L an3 e f fec t i ve  surface recombination 
ve loc i ty  Seff a t  the back contact we have t o  solve the fo l lowing t i  equations 
f o r  the  first-mode decay [2]: 

WP€#)IX B 
The me1 i -signal quasi-neutral base capacitance and conductance are given 

by i d 1 :  

W D  L U $  _en n p e f f  

( s i n h * f - ) [ A o t e  t S e f f I 2  

- 'effLn 
.. 

L" Dn + 
W D  W 

n Ln n 

W 
Dn c o d  

Lnl 
L o @ +  Seff 

-+  'eff  Ln 
W + T  

Ln Ln 

W n D 
- +  Se,fcothJ 

Ln 

Ln n Seff 

-- LF KDI: Ln 
G~~~ = L, D~ W .  

I 
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Table I :  Surrmary o f  results for  some typ ica l  solar ce l ls .  
The values for LbasS and Sezf were obtained using 
the SSCO method, un ess mar ed otherwise 

CELL Sef* 

(cmlsec) 

n+/p/p+ 

BSF 

10 227 454 

45of 

n+/p/p+ 

BSF 

103 250 2 .9x103 .-L 
111 

n+ /PIP+ 10 36 0 512 2x105 

n+/p/p+ 0.15 295 100 --- 

p+/n/n+ 

BSF 

10 320 3c3* 
5170~ 6 O+ 

n+/p/p+ 

BSF 

10 92 d O O *  

* obtained from GHF QN 

LF t obtained from GQN 
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I 
I Fig .  1. (a )  E lec t ron ic  c i r c u i t  used i n  t h e  SCCD method. The switching time 

I 
i 

I o f  a power MOST i s  less  than 100 nsec. 

I 

(b) Schematic i l l u s t r a t i o n  of  the  current  decay drsplayed on a log 
scale.  
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2 .  
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0 

( b )  P lot  o f  T vs S e f f  f o r  a t h i c k  n+/p/p+ 
0.15 am, Wbase = 295 p). 

BSF s o l a r  
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d 

I x-0 

(b) 

Fig .  3 ( a )  
(b)  Q u a l i t a t i v e  sketches of minor i ty -car r ie r  d i s t r i b u t i o n s  i n  t h e  

Schmat ic  diagram of an n+/p/p+ BSF so lar  c e l l .  

! dark. 

i 
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Fig. 4 Measured c,ondwAance and ca ac i tance vs forward-bi&s V f o r  a long p+/n 
= 2% p (from Ref. [3]). diode wirh NDD = 1.25 x 10' 8 cmV3 and W t \ a s e  

a -  



Fig. 5 Measured capacitance and conductance vs forward bias f o r  a p+/n/n+ BSF 
14 m-3 = 320 soiar c e l l  (from Ref, [4]) .  Here, NOD = 6 x 10 'base 

cun. 
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F l U w - Y  (W 

Fig. 6. k a s u r e d  high frequency conductance GHF 
so lar  c e l l  of F i g .  5 .  
V = 0.5 V and shows c'/* dependence. 

vs freqency f o r  the  p+.Jn/n+ 
The conductanc!N was measured a t  forward b f a s  
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F i g .  7. P l o t  of a G!F( = G~~~ + G~~~ 
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!! F i g .  8 Frequency dependence o f  high-frequency conductance f o r  a t h i n  (8 pm 
n - t y p e  e p i t a x i a l  l ayer  (from Ref.  [SI). The conductance f o l l o w s  w 
dependence. 
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Current Status of One and Two-Dimensiond Numerical Modele: 
Successes and Limitations 

by R. J. Schwartz, J. L. Gray, and M. S. Lundstrom 
Purdue University 

School of Electrical Engineering 
West Lafayette, IN 47907 

Abstract 

The  capabilities of one and two-dimensional numerical solar cell modeling programs 
(SCAP1D and SCAF'2D) are described. The  occasions when a twedimensional model is 
required are discussed. The  application of the models to design, analysis, and prediction 
are presented dong with a discussion of problem nreas for solar cell modeling. 

Introdnet ion 

Accurate numerical models for singie cryst,al silicon solar cells have provefi to be very 
reliable in the simulation of the performance of these cells. These models have proven to be 
exiremely useful in: the interpretation of experimental measurements; the identification of 
processes which limit cell performance; the prediction of benefits which will result from 
design and materials changes; the comparison of various cell designs; and the prediction of 
efficiencies which may everltually be obtained in silicon solar cells as various technological 
barriers are overcome. 

The  capabilities of a one-dimensional (SC.'LPlD) and a two-dimensional model 
(SCAF'2L) are described and examplm Df their use for each of the above r, rposes are 
given. I-' It will be shown that there are circumstances under which cells which appear to 
be onedimensional require a twedimensional model to properly simulate their behavior. 

As cells become more efficient the requirements on the accuracy of the physics used in 
the model become more stringent. Effects which are of little significance in poor or 
moderately good cells can take on major significance in high efficiency cells. A number of 
problem areas which are of concern in t,he modeling of high efficiency cells are discussed. 
These include heavy doping effects, metal-semiconductor boundary conditions, minority car- 
rier mobilities, high injection lifetimes, and carrier-carrier scattering. Each of these may 
have a major impact on the performance of the cell under certain operating conditions. 

The Model 

Physical Effects of importance 

One of the major advantages of a. numerical model is that  it affords one the opportun- 
ity to include the very large number of physical effects which may be acting simultaneously 
within a solar cell. The cvmplexity of the phenomena and their interactions with each other 
preclude analytic solutions in anything except highly idealized situatioris, which are not 
indicative of actual cells or operating conditions. An attempt h a s  been made in the formu- 
lation of SCAPlD and SCAPSD to include as many of the physical effects which are known 
to influence cell performance as possible and to do this in a manner which represents our 



present knowledge of these effects. One of the &oak in writing these codes was to have 
them be sufficiently accurate in their representations 59  that they could be wed in a predic- 
tive mode. This is possible only if p-11 of the pertipeut physica! effects are included. 

In those cases where the physics is questionable, we have attempted to include options 
which allow one to choose between various models. For example, in the c s e  of heavy dop- 
ing effects, one is able tc choose betxeen the models of Slotboom, Lanyon-Tuft, and 
Mahan, or to supply a subroutine of one's own choosing. 

We have attempted to choose materials parameters which in our estimation are the 
most reliable. These materials parameters are used as default values. Tbe user can easily 
change these parameters to values that he views as more reasonable. 

The following physical effects are included in the codes: hole and electron mobilities, 
including baeir doping and temperature de2endencies; heavy doping effects, using the for- 
mulation of Lundstrom, Schwartz, and Gray; absorption coefficients, including their tem- 
perature dependence; recombination, including Auger, Hall-Shockley-Read, and surface 
recombination. Surface recombination is handled through the specification of the surface 
recombination velocity. In the case of SCAP2D, the effects of surface potentials are also 
included. 

Semiconductor Equations 

The programs perform a full simultaneous numerical soluCion of the two continuity 
equations and Poisson's equation subject to the boundary conditions apprqriate  to one and 
two-dimensional cells. The equations are formulated as shown in equations 1-3. ! 

V*J, = q(R-G). 
The generation term in equations 2 and 3 are given by 

a3 

G(x) = & cbae-""dX 
and the recombination term is given by equations 5, 6 and T. 

733 

(ND + -njA) 
rn = 

- 1 +  

The hole and electron current densities which appear in equations 2 and 3 are given by 
Nr 
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J, = -qpnnVv, + kTpnVn 

A G  vp = v-(l-q) - 
Q 

(9) 

where vp and v, are the effective potentials defined in equations 10 and 11 and A G  and y 
are parameters which account for variations in the band structure, such as dcnsity of states 
m d  band gap, and accoiint for Fermi-Dirac statistics. 

No low injection assumptions are made. The equations are solved from contact to con- 
tact with approrriate boundary conditions so that the soiutions are valid for all ranges of 
operation and imlude minority and majority carrier flow. The latter d a c e  ennie restric- 
tions on the CPU word size required for solution. 

These codes have been extensively tested fw accuracy by comparing the results of 
their predictions with experimental results obtained on very carefully and extensivdy 
characterized cells for a wide range of cell designs and operating conditions. The ngeement 
has been such that a high degree of ccnfidence has been developed in results Smputed 
using these codes. 

Code Descriptior, 

Figure 1 is a block diagram of tlie Structuie of SCAPlD and SCAP2D. The operator 
must, supply information ahout the materials parameters, a description of the device to be 
analyzed, the type of analysis which he w+hes to perform, and  t,he spectrum, if appropriate. 
He also can, if he wishes, control some of the details of the numerical solution; the amount 
of information supplied while the program is converging to an answer and how the output 
information will be stored or displayed. 

The results of the ccimputation are presented in printed summary form and the 
detailed results of the calculation are storrd on magnctic tape. A separat,e plotting routine 
is used to access the information on tape and to display the appropriate parameters. The 
plotting capability is one of the most vzluable features of the code, in that it allows one to 
effectiveiy have a microscopic view of most of the parameters of interest in &;! interior of 
the cell under cperating conditions. W e  will show some of the available graphical output as 
we discuss tho capabilities of t,he code. Table I show the input control offered to the 
operator. In every case default parameters are specified if the operator chooses not to sup- 
ply a parameter. 

Table ll contains d lisding of plots which are available through the plott'ng program. 
In this case the operator specifics the type of plot which is required and the region of the 
cell for which he desires that plot. Most of the figures which follow were obtai7,ed directly 
from this plotti:ig routjne. 

In addition to the reliability of the out.put,, the ut . i l i ty  o f  codes of this type will depend 
on their ease of use and efficiency of computat,ion. For ex.imple, in a design mode, it is 
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c e l l  
Deesription 

Type of 
Analpi9 

--e 

Print 
Results 

---I 
Solve Tor 

Choice n,p.\' and 
requested type 

of  analysis 
Materials - c 

Parameters 
I 

I I 
Optical Filters 

Control Parametere 

Control 

~---{--l-[Cl on Tape for Future 

I I- 

Type of Plot 
end Range 

Figure 1 Block Diagram of the Struc!ur? of SC'iWlD and SCAp2D 

Table I - Input Parameters 

Device Description Spectral Choices 

Step junction AM 1.0 
Erfc (N,,x,) 
Ex per imen tal Profile 
S W R E M  II Uniform generation 

Doping Profi!es A M 0  

AM 1.5 direct & global 
Monochromatic 

Dimensions User supplied 

hiaterials Parameters 
Lifetime ( T  and energy) 
Surface Recombination 
Auger 
Bandgap narrowing 

Slot b oom 
Mahan 
L an yon-Tuft 
User suppLtA 
-. 

Optical Filters & Refiection 
Filt.er (Ge, Si, Sic,, G A )  
Back surface reflector 

Types of Analysis 
Dark I-V 
Illurninat?d I-V 
Solar Cell 
Spectral Response 

1 
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! 

t 

! 
I 



- .  

Tsbfe II - Plotting Options 

C,rricr concentrat ion 
Hole and e'rectron -:urrent :.mit ies 
Change iu potential (from .qii';tbriun) 
Doping density 
Energy band diagram 
Electric field 
Hole an.- electron quasi-electric field\ 
Erfective fields (elnctric plus quasi-rlrrt ric-) 

Optical geaeration 
for holes and electrons 

iole current density and components 
5lectror. current density and components 
iicbility 
.ifet ime 
3 at io of n,,/ni, 
%tent iai 
3ecombica t ion rate 
;'barge dcnqitv 
:scess carrier concertration 7 

advantageous to he able to makc. n i ~ r l t i p l ~  i l ~ n ? ;  in s renwnnhle length of time and at rea- 
sonable cost. Whiie SC':U,lD can he ri1ii die t i v d y  on nearly s n y  mainframe computer (a 
typical run on a CDC 6600 require.; 1GO-300 C ' I Y '  seconds). SC'.W2D requires a very fast 
machine with a large amount of w t i i n l  nr virtual memory. On a i'yber 205. 300 CPU 
seconds are rcquired for a typical rut. 

SitnatIuns Requiring Two-Dimensional Aidysis  

In man! situations a onedimt~nsionnl siniulztion is quite sdequate and there is no need 
to use the more complex and esncnshc t\v*dimcn?;;iond simulation. On the other hand, 
there are a number of situations whit+ onl! a Iw*dimensionnl simrrlntion will suAice. 

Some of the sit u3t ions which rcqitirc !wrdimcnsionnl annlysis are quite oh\-iour. while 
others appear o be onedirnrwion:If i n  n n t i i r t b ,  hut. in f3c-t. reqirir~ 7 ttio-dimrnsiorx! s&i- 
tion for proper description of the cell ptirformnnce. Ifost of the C C ~  stiuc!ures which have 
been proposed 3s high eficiency silicon crlis fall into the olxic,iisly t\vedimcnsional analysis 
categorv. Among these structures nrr the In!crdigitnted Rnc-k Contact cell, the \ -crt i is l  
hiulti-Junction cell, the Etched Xlirltiple l - x t i c a l  Junc.tir?n cell, t h e  Polka Do: cell. and the 
Grating cell. -4s an example of the ase o f  SC.QP2D in the analysis of these twedimensional 
cells, we shoh figures 2 through 4 for an IBC' cell. In  Figure 2 we show the total shsrt cir- 
cuit current 3G.v under m e  sun-condit ions. In Figures 3 and 2 we show the majority and 
minority carrier flow for this same cell operating under the same condition. 

Less obvious appli<-ations of the two-dimeusional code are shown in Figires 5 through 
6 in which a conventional solar cell h a s  heen -.nalyzed. In Figure 5 we show the pot,ential 
distribution along the emit.ter from a poi:;: half way between the grid lines ui; to the grid 
lines u d c r  open circuit conditions. This figure illustrates that there is a lateral voltage 
drop along the emitter, even under open circuit conditions, as a result  of the current which 
is injected in the vicinity of the  grid line. Figure 6 shows the circ~iating currents which 
exists in the vicinity of the grid k-. 
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Figure 2 Total Short Circuit Current. for an IBC C4I I Sun AhlI.0 
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Figure 4 !.linority Carrier Current Flow for the Cell of Figure 2 
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Figure 5 Potential r)istrihut,im in thr Emitter 01 a Conventional Solar Cell Operating at 
900 suns. 1 

337 

! 

i 

I P 

- 7- 3: 



i 

.. 

-. 

.. 

. 

.u 

L 
U 
€ 

3 

4 

W .m 

Figure 6 Circulating Current in the l'icinity of a Grid Line for a Conventional Solar Cell 

An w e n  !ess obvious problem with one-dimensimal simuhtion occurs when one tries to 
properly nodel the front surface of a conventional cell. This surface is composed of a 
SiOTSi iHterface anti a metal-semiconductor contact. In  a one-dirneosimal simuiation, one 
is forced to aggregate the two efiects with some equivaknt front surface recombination v e l e  
city, SF. Figure 7 illustrates the difliculty with this approarh. Under short-circuit condi- 
t.ions the proper value of SF is equal tG the surface recombination velot-ity of the S;O,Si 
interface. However, near oppn circuit conditicns, t b ~  propcr v: . sf SF may be 3 to 4 ord- 
ers of magnitu4e larger. This is a result oi the fact ths: the . ! I  serniconductw contzct. 
may be a very effective recombination site for minority czrrlers. . ;s particularly important 
as the operating voltage of the cell increases. For proper oper.!tion of a onedimensionaI 
code, the front surface recombination velocity a i i~uld be a function of operating condition. 
The twedimensional code does not have this  problem, since the snrfzce recombination v e l e  
city at the SiOTSi interface and the metal semiconductor interface are specified separate!y , 
and the reconloination along the entire surface is properly accounted for under 311 operating 
condi tioas - 

At high operatitig conditions, such as arc found in concentrator solar cells, even the 
conventional cell behaves in a two-dimrnsional fashion and must be modeled using the 
twedimensional code. Xlinority carrier current flow for a cc.nventional cell operating at 800 
suns is shown in Figure 8. If this cell is modeled using the one-dimensional code under 
these operating conditions, swious errors are encountered in the cmi>tltat,ion of the fill fac- 
tor which can not be compensated for by including an extcrital serias resistance in the 
model, as the effect is nonlinear. 
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Figure 8 Minority Carrier Current Flow for a Conventional Solar Cell Gperatir ~ at 800 
Suns (V=.soO volts 5 ~ 2 1 . 6  amp/cm2) 
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Modes of Utilization 

As we mentioned previously, a carefully prepared solar ce!l model is useful in a number 
of modes. In this section we will discuss the use of SChplL and SCAP2D 9s a design tool, 
a sensitivity Analysis tool, an aid in the analysis of experimental data, an aid in tbe provi- 
sion of insight into the operation of the cell, and, finally, as 3 predictive tool for the com- 
parison of pro- cell dcstgns and as a means of projecting performance as various tech- 
nological barriers are rerwved. For the sake of continuity. we have chosen to use the San- 
dia nigh concentration cetl operating at 1 sun as a base line design. This is a cell which has 
exhibited 18% catversion efficiency rt one sun, and 20% conversion efficiency in the .5r)-lOO 
sun range for an AM 1.0 spectrurn. 

Design 

As a simple example we show, in Table ID, the effects of variations in the base dophg  
about the present design doping of 2.29 x IOi6, on the performance of this cell. We see tha t  
the present base doping is nearly optimum for the desigrl parameters used in the other 
parts of the cell. 

Table Ill 

Solar Cell Performance Dependence on Base Doping 
AM 1.0 (one sun) 

Base Doring 
cm- 

s x 1015 
1 x 1ol6 
2-29 x 1016 
1 x lo*' 
5 x 10'' 

Sensitivity Analysis 

L c  
VGIts 

-634 
.a0 
.649 
-656 
-650 

J c  
maJern2 

35.1 
34.8 
34.4 
33.3 
30.2 

F.F. 

.828 

.833 

.EM 

.838 
-836 

Efficiency 
% 

18.35 
18.46 
18.55 
18.21 
18.37 

By utilizing a computer code such as SLFREM io simulate fabrication conditions one 
can model the sensitivity of device performance to fabrication parameters. Here, as an 
extreme case, we examine the effects of changes in the emitter doping prcfile on cell perfor- 
mance. The Sandia cell was simulated using the two emitter profiles shown in Figure 9. In 
Table lV, a comparisort of these simulations is shown. Note that the erfc emitter profile 
simulation predicts a higher VoC. This is due to the lower net recombination in the emitter 
as compared to tbe SCiPREM JI emitter profile simulation, as shown in Figure 10. Recom 
biiiation is higher in the SlJPREM II emitter because the doping is higher over most of the 
emitter volume, and therefare Auger recombination is correspondingly higher also. 

If the results of 8 process-sirnu!ation program such as SUPREM are coupled with 
SCAPlD 9r SC.4P2D as shown above the sensitik-ity of the cell to process variations can be 
readily eszablis h en. 
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Figure 9 Emitter Doping Profiles as Determined by SUPREM II and Complimentary Error 
Function 
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Figure 10 Emitter Recombination for the Two Doping Profiles Shown in Figure 9 
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Table IV 

Dependence of cell performance on emitter doping profile 
AM 1.0 (one sun) 

Type of Profile V J c  FF Efficiency 
V O L  1*,a/crnt % 

Erfc .648 34.3 .836 18.6 
SUPREM II .632 33.9 -833 17.75 

I 

1 

9 

It is possible, by adjusting the parameters entered into the code, to obtain a fit 
between the model generated results and experimental dark I-V, solar cell, and spectral 
response curves. if this fit can be obtained for a siagle set of parameters, then one has a 
r emnab le  expectation that these are the correct parameters describing this device. 

With the ability to observe most of the parameters of interest as a function c' pmition 
and operating I -3itions anywhere within the cell, it is possible to achieve a grtr. ded of 
insight into the :miting factors on any cell design. Examination of the wodel for.the 205; 
Sandia cell very quickly establishes that the cell appears to be emit.ter limited, and, in fL, ., 
tbat  further efforts in imrroving the performance of the cell should be devoted to reduction 
of the metal-semicondur tor contact recombination and in reducing the volume of the 
beavily doped emitter. 

Prediction 

Potentially one of the most valuable, and also one of the most risky, uses of the 
numerica! models is as a predictive tool. The  models have d:eady been shown to be quite 
reliable in comparing the relative merits of different cell designs. One particularly attrac- 
tive way to utilize the code is to use it to identify limit,ing phenonienon in a particular cell 
design and then to  remove that limitation and cbserve the effect on cell performance. In 
this fashion, one can predict benefits which will accrue through various advances in technol- 
ogy, and, in fact, can make some rensonahle estimates of the ultimate performance of sili- 
con single crystal solar cells. This latter use of t,he code is particularly risky since as the 
performance of the cell improves, physical effects which may have been insignificant in their 
effect on cell performranee before, may suddenly become the dominant limitation. 

Problem Areas 

There are a number of areas in which there is concern about existing solar cell models 
either because the physics is not me11 understood, available data is thought to be unreliable, 
or because the eflect has iiot been include in the model. These areas of concern are dis- 
cused Oelow. 



Heavy Doping Effects 

There is a controversy over the origins and magnitude of heavy doping effects. There 

very heavily doped samples where we have our major concern. In order to alleviate this 
situation somewhat, we have provided the operator with the option to choose between most 
of the popu!ar band gap narrowing models. This remains an area of major concern and is 
probably the least reliable area in the modeling of silicon solar cells. 

Anger Recombination 

m is a great deal of scatter in the measured effective band gap narrcwing, particularly in the 
.I 

1 1 

Some uncertainty exists about the reliability of published Auger coefficients. At least 
two groups (Sandia and General Electric) have indicated that published Auger coetkicienta 
may be too large. 

Minority Carrier ?. iobility 

Reliable measurements of minority carrier mobility do not exist. Various authors have 
proposed that the minority carrier mobility is larger, smaller, and the same as the majority 
csrrier mobilities of the same type carrier. As a consequence, SCAF'lD and SCAP2D 
assume that the minority carrier mobilities for electrons are the same as they would be if 
electrons were majority carriers. A similar assumption is made for holes. 

Metal-Semiconductor Contacts 
i 

In well designed high efficiency solar cells, the metal semiconductor contact limits the 
open-circuit voltage. The removal of this high dark current source, through the use of tun- 
neling contacts or through the reduction of the metal-semiconductor contact area, has  
already demonstrated a significant improvement in open-circuit Toltage. Further advances 
in this area may well employ heterojunction structures in additim to the present tunneling 
structures. SCAPlD and SCAPSD allow for specification of a finite minority carrier surface 
recombination velocity to model this effect. 

Doping Proales 

We have already seen that device prrfcrmance can be a strong function of the shape of 
the emitter doping profile. SCAPlD 7,nd SCAPSD allow for the use of a complimentary 
error function, a computed profile based on tb: Fair diffusion model for phosphorus, doping 
profiles obtained From a process simulation program such as SUPKEM, or experimental 
data. The use of data from SIMS measurements has the problem that it includes the total 
impurity concentratim not just the elec!.rically active dopants. If any precipitation is 
present in the highly doped region, SIhlS will overestimate the amount of active dopant. 
Spreading resistance measurements are a measure of the free carrier concentration. Near 
the depletion region this can lead to significant errors in the cloying profile if the spreading 
resistance profile is interpretated as being the same as  the doping profile. 

f 
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Spectral Response 

Spectral response measurements are particularly useful for obtaining information about 
the base lifetime and the surface recombination velocity. However, some difficulty is 
experienced in matching long wavelength response with computed response. This difficulty 
has been traced to the fact that small changes in device temperature can lead to large 
changes in the long wavelength response as a result of changes in the absorption coefficients 
due to a shift in the band edge. 

In order the determine the surface recombination velocity cf the Si02-Si i n tdace ,  it is 
also highly desirable to have spectral response measurements in the very high absorption 
regime of .35 - .4 pm. Accurate measurements of the internal quantum efficiencies arc 
disticult to obtain at these wavelengths. 

Effects oP Band Gap Narrowing on Long Wave Length Absorption Coemcients 

At the present time no corrections for the effect of band gap narrowing are made to 
the absorption coefficients. 

Carrier-Carrier Scattering 

Carrier-carrier scattering can bc a significant effect in high concentration solar cells, 
and will become a significant effect in one sun solar cells as the efficiency is increased. 

High Xn)ection Lifetime 

At the present time very little data is available on majority carrier lifetime. A typical 
modeling approach is to assume that the majority carrier lifetime is the same as minority 
carrier lifetime. This seems to give ressonably good agreement with cell performancr under 
high iujction conditions, but direct measurement of the high injection lifetime would be 
highly desirable. 

Conelnaiom 

One and twedirnensional device models have been quite successfully employed as an 
aid to design, interpretation, sensitivity analysis, and prediction. However, the predictive 
capability of any device code is only as good as the physics which is modeled and the data 
which is supplied. If further improvements are to be made in the performance of single cry- 
stal silicon solar cells, careful attention will have to be paid to both ol these areas and a 
great deal of effort will have to be devoted to measurement techniques which will allow the 
independent determination of the parameteis which must be supplied to the device code. 
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DISCUSSION 
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'i 

SAii: I m u l d  like to ask you about that particular example you save, the ~011- 
plmntary error function, also the SUPsgLl. 
in the results. What is the basic mechanism? What are the recambination 
mechanisms t%at give you the difference? 

There is quite a difference 

S-2: Mat's included in the code is Hall-Shockleg-Read and Auger using 
Schmidt Auser coefficients, and for that particular run -- thank you for 
asking -- I should have mentioned at the time: €or that particular run we 
used the Slot-Bo- band-sap narrowing model, so there is a significant 
amount of band-gap narrowing occurring, and recombination :echanim. For 
that particular run, Auger and Hall-Shockley-Read, and I didn't bring the 
plot along. I don't recall ehat 
the split wns. 

The plot shows the split between them. 

SAH: For the particular profile, was ihe Auger that causes the one to be 
better than the other me? 

SCWARTZ: Yes, I believe that it wad Auger, but I don't have the plot with 
m e .  

MEUGBOSCHBL: You said that the published Auger cciefficients don't agree with 
In order t o  get agreement, do you need larger lifetimes the experilasat. 

or shorter lifetimes? 

SCHVARTZ: The recombination wants to be reduced. I should qualify that a 
little bit. I was repeating & a t  is said in a couple of publications by 
Posene at GE and Weaver at Sandia. It is possible that the problem lies 
in the band-Eap narrowiog model and not in Auger, so one wants to be a 
littlc careful. There is a problem in the emitter, and that's clear, and 
people have tended to blame Auger. 
Chat it is Auger -- it amy dell be related more to the band-gap narrowing. 

I gueas 'f'm not completely convinced 

DAW: I would like to follow up on Sah's queetion. You have the same carrier 
density at the surface for the SUPZZH and for error function. So, norm- 
ally you have much larger field right ai: the surface in case of comple- 
mentary function, and I would expect less recombination there. Would you 
give some reason why? 

SCHUARTZ: Yes. There are a nUmb8r of reasons. One is that the recombination 
v only depends on the Auger coefficients and lifetime, but also on the 
c...cess minorit;- carrier concentration, and if I had shown the plot, whet 
you would t.ave seen is that *any of the ccieriers are recombining in the 
case of SUPREM as they moved, and the axis cure was lower at the surface. 
The othar diffecence is in the way that the band-gao narrowing effective 
field is distributed. The minority carriers in the emitter don't see 
just an electrostatic driving force due to the gradient. There is another 
component, which is associated with band-gap narrowing itself, and it 
tends to reduce the effect of pulling minority .,aerier8 away from that 
surface or keeping them out of the emitter. 
are distributed differently. 

Both ace operating and they 
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1 DAUD: The secotd question has to do with actually running this program. We 
find that one of the items that one has to put in is the 'I 
Trio. Wora&lly when we measure, we either matmre the life ime or 
diffusion length where the doping is already there. H o w  does one 
reconcile with this? M a t  kind of numbers one should put for 'I@ 

%no? 

Po and 

SCHWWlZ: I'm sorry. You say you normally measure what? 

DAUD: Soy we hav-2 a cell where we measure the diffusion length or the life- 
time. 
corrects it for the doping. 

Ue cannot directly put that in your model because ywr  model 

SCKVARTZ: Yes. There were a lot of features that were not talked about here, 
and since we have sent a copy of the code out to JPL, he is asking. You 
have the option of turning on what amounts to a Kandel fit to doping. If 
in fact you have that turned on and if the base doping is above the 
transition doping foi the the Kandel fit, then you have to correct that. 
If you have measured the lifetime at that particular doping level, you 
either have 50 correct it or just turn Kandel fit off and snter the value 
you masure. It's your choice. It is under your control on the input 
deck. 

Lf#DHOLLI: I have three questions. They are all, I think, fairly quick. Just 
to remind the audience: you recast soate of the -- what you might say, 
equations which xere truer to the physics -- into a form that one is more 
used to seeing in a conventional treatment of semiconductor device 
physics. In so doing, you introduce the parameter that you called small 
gamma, lower case gamma, and I think that that parameter war supposed to 
have taken care of various things that were being violated by the density 
of states. 
that the parameters that go into the model have to be measurable. So 
with that preparation €or the audieilce, I could have just asked you what 
success havb you had in twasurinb gama, and how do you do it? 
you do it, if you cap't do it? 

You made a big poiit, which is an extremely valid p i n t  -- 

How don't 

SCWARTZ: I tried t o  stay aGay from the equations, Fred, and I apologize for 
The gama that Fred is talking about entered into 

Here is the electrostatic poten- 
the poor quality here. 
the effective potential that we showed. 
tial, and here is the term hich I said was an effective ar'xetry factor, 
and that term is not normally known. 
effective band-gap narrowi.Ig, which in fact looks like this -- the band 
gap plus all the degeneracy and Land structure effects. Gama, in fact, 
has electron affinity divided by the delta G minus terms for degeneracy. 
The answer to your question is, you don't know. But before I let that 
go, it. turns out that for solar cells you seldom care, end the reason fc? 
that is the following: GB observed this first, the range on that nvpbers 
fros 0 to 1 and one can run the fuli range and see almost no detet. Able 
change i n  the device characteristics. On the other hand, if you L o k  
inside the device, there are radical differences in the electric field 
distribution ? n  the emitter, in that region. There a:e huge differences. 
But it turns out, and you can do this in closed form, that i f  you are 
dealing with a region which  is quasi--neutral and low injection, ao the 

As one gets measurtlaent of the 
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emitter is under anything except extreme cmditions, you can show i n  
analytic form that, in fact, terminai characteristic is independent of 
that parameter. There are places where it makes a difference. 
make a difference in junction capacitance: you can shon that fairly 
readily. It makes a difference ia the electric field. And a dramatic 
one i f ,  for instance, you ar- eonzerwd with avalmche, not in a solar 
cell, but calculations of avalanche, and yot are in a heavily doped 
condition. Then possibly OR? shouLd be worried about preseyt-day 
avalanche coefficients if they are Sased on classically calculated 
electric fields. But the answer is that it doesn't affect, the terminal 
characteristics. 

It does 

LIlDHOtW: The r e a ~ t n  I asked tirat is twofold. First of all it would seem to 
me that for diagnostic purposes it would be desirahle to h o w  what you 
call gaema, or what I would rather just call the eiectrct. 'finity, and I 
know about the coamrent you made about tie quasi-neutral  on. 
you start entering a little bit into thc junction transition :egion, then 
I think it becomes more important. And thc reason i asked that is, if i 
correctly read your earlier paper with Mark Lundstron, that you indicated 
a method for masuricg gaarma. And so I come back to mv o-iginal question: 
what degree of success have ynu had in measurinf garwa? 

But as 

SCHWAPTZ: Very little. We're still working on it .  

t1M)HOLM: ? think it is 'a gaod thing to work on, actualiy. The reason is that 
it's very 8881, even though you did not intend to do this -- in fact, your 
wording was ver: careful -- but people will take sort of :- :!a1 cases and 
say it doesn't matter, but it does matter from a diagnosti; point of view 
in finding out whet's going on with the profiles,how you can improve the 
device, that kind of thing. I ' m  very glad you used such careful wording, 
so congratulations on that. 

SCHWABTZ: I'm glad you read the paper, b.ry few people have. 

LIIUDHOW: Its a very interesting and very good paper. I was extremely int,r- 
ested in your measurement of gamma. 

SCHWABTZ: I have a Ph.D. student who is extreuoly inter sted tro. 

LIBDHOLU: The other thing that I aoted that you said, an? since you word 
things so carefully, I was noticing that you said %hat most of the p e o p L  
who made electrical measurementa in effect were measuring the p-n prod- 
uct. Mow, I think that that's probably true of the Slot-Boom graph you 
UBI$, the transistor structure; I think It's not true of ERIC peoplz. 
Would you agree with that? 
EBIC data and the guys fro= GI3 who aren't here pre talking as. A;'.. p-n 
product and I think that they can't do that. The fundamental reason is 
that Fermi levels have to remain sensibly, spatially anvarian.; c*-jr a 
significant region of the device in order fcir that measurement to yield 
the p n  product. 

A good portion of the data now c,=2..:& out is 

SCHWAElTZ: That's absolutely right, and from a physicG point of view is ver:- 
pleasing. And from A modeling point of view it's difficult. because now 
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in tho intermediate region. where one worries about what happens to the 
brad rhrpe, you've got a problem in using it. 

LT?iDtiOUl: On0 last one. You keep mentioning twodimensional programs, and I 
rrculd like to know about three-dimensional programs, and uhy you CM get 
a m y  with two-dimnsional . 

.I 

! 

SClNILpn: It's not so much Eetting nuof with  two-diwrrioarl, it's really a 
level of difficulty. 
U8ghCted it inadvertently - -  L told you that It cost about $5 .00  and 
take& 100 to 300 seconds on a 6500 CDC if you run the  1-0 code. 
about 300 CW/second OE our CIBBP 235 Supercmputer to run the 2-0 code. 
low, what I m a a 1  by that is to m u  a full analysis. something like 10 
points, m d  do 611 the associated etafE. That uses a h u t  2,000 mesh 
points. 30 right now it's about what ue rre capable Lf tackling. If 
Putdue will put another two million b*otds i n t o  the main wrory of t h a t  
computet then c;e hill lo<llt at the three-dimensional. 

In our t-se -- one thing i didn't -ntion, and T 

It takes 

LIKD!lOLM: If the next SpeAket is successfil in catting the Computet time 
-.i&ui€icantly by h i s  techniqve, as he suggests, would you then strongly 
advocete three-dimensional stabdy-state mdeliag as a highly useful, 
moderately useful c: raL.ely useful vehicle for solar tell design optiri- 
zatioo and for IOV '--?zing manufacturing processes? 

SCWARTZ: I think tho;.. a very good questiun, whether it's asked about one, 
tua x three-dirensimal, gnu the anshr'- l i e s  in how easy it is to use, 
whetbet it 's  € u t ,  are the ta - -a tounds  quick, .nd what is reasonably 
4e.p. Because bou do have to nake a ll-t of runs, and if it's very 
eqsasive or -:sry time-consuming, +he utility becomes a lot less. 

LlYDW)LLI: Suppose it doesn't cost arlykhing? 

S C h . m :  Then its very usefrtl to do oven for one sun. Io that what you 
think? 

L1lMK)LLI: I heveJ*t thought enough cbout it. 

S W A R T Z .  If you nant to do a cell like Dick Swansor; :. 

LINDHOUI: A more coaveational cell is very useful there? O r  is it moderately 
uceful: 

S W A R T l . :  I daubL, it, I can't see t h e  benefit to a conventinnal cell with 
th:ee dieensiouu. 

QUKSTIOY: Dick, a quick yirestion. Did you decide t h t  radiative rhcombina- 
tion and trap Augsr effect could be neglected safely? 

SCWARTZ: PI, we didn't. I told you the status of the code as it w o o .  It is 
c fa:rLy straightforward ratter to add tbosa components to it, we jast 
haven't drivca tt,i.rga, we haven't aac'n any :Ins where the other lifetime- 
li!r,;ltia& mett 3as were low enough to dc that. But. clear-,, if JOU 2 3 ,  
t h a t ' s  a limi.ii16 mechanism that is noc present end needs co be added. 
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QUESTION: And or, the surface recombination you Right also have trap huger 
effects. or do you wrap it a11 up in 8 surface recabination velocity? 

SCWAR'YZ: -11 in the one-direusionel code it's wrapped up in the surface re- 
combination velocity. 
dimensions. In two dimusions you could either do it by LriteLrating 
through the trap states and capture cross-sections. or you could do it by 
a lumped parameter. which is probably not as good - -  and you do have t o  
control surface potential. whicb we do by settin& t h e  c h a r ~ e  in the oxide. 

I didn't talk about hod it's handled in two 

QURS'IIOY: W o w ,  a last question: capacitance. Do you work it out or do for: do 
current-?oitage. cqacitance voltage? 

SCHUARl2: Yo. JPL doesn't know if their version of the code does have capac- 
itanc, in it. re just didn't tell ther. It is the quivalent of very 
low-frequency capac;tance 1.11 tell you what it is and you can name 
it. 
priate voltage term put in, and you are quite right. 

It is the ina.cgzal of either the electrons or holes with the appro- 

QUESTION: It can miss by a factor of three or four? 

SCliWARIZ: Yes.  We don't use 't that May. 

! 
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APPLICATXOS w CLOSED-FOR? SOLUTIONS TO A S.SB Pomr FIELD IN SILICON SOLAR CELLS 

?I. F. Lamorte 
Research T r i a n g l e  Institute 

R e s a r c h  Ttiangie Park,  NC 17709 

Abs t rac t  

A computer s imula t ion  w c h o d  G i l l  be  d i scussed  t h a t  p rcv ides  for e q u i v a l e n t  
s i m l a t i o n  accuracy, b u t  that exhibits s i g n i f i c a n t l y  lower CPU running time pe r  
bias p o i n t  cimaparad t o  o t h e r  tecluiliques. 
p o i n t  f i e l d  a5 is cusramary Zu numerical i n t e g r a t i o n  (NI) techniques.  The 
a s s q r i o n  of e l i n e a r  approx*ation f o r  t h e  dependeut v a r i a b l e ,  %-hi&- is 

is not 
required.  Znstead. t h e  set of de-gice t r a m p o r t  e q v a t i a c s  is aFp l i ed  t ~ ,  and t h e  
closed-form s o l u t i o n s  ob ta ined  f o r ,  each  x-sh p o i a t .  mesh p o i n t  f i e l d  is 
generated so that t h e  c o e f f i c i e n t s  Sn t h e  set of :ransport equaztons e x h i b i t  
s m a l l  changes becveen ad jacen t  mesh p z l n t s ,  I n  coctrast to the !?I l i n e a r  
approximation. t h e  c loszd - fo ra  s o l u t i o n s  -re a c c u r a t e l y  r e p r e s e c r  t h e  p h y s i c a l  
system and the dev ice  phys ic s  i o c x p o r a t e i i  i n  the t r a s p o r t  equa t ions .  

mis new Pethcd is a p p l i e d  t o  a e s h  

typical ly  used k t h e  f i n i t e  d i f f e r e n c e  a d  f iz i te  elentent NI methods, ! 

App1-icaticn 3f thFs method t o  high-eff ic iency s i l i c o n  s o l a r  ce l l s  is 
desc r lbed ;  and t h e  m e t 1  213 by vh ich  Auger recombination, a rAipo i s r  c m s i d e r -  

f inement,  and c a r r i e r  d i f f u s i v i E i e s  are t r e a t e d .  Bandgap narrciving hs5 been I 

i n v e s t i g a t e d  using Fermi-Dirac s t z t i s t i c s ,  and t h e s e  r e s u l t s  s h m  thac bandgap I 

narroving i s  more pronounced and t h a r  i t  is  tenperatti-e-dependent i n  c o n t r a s t  t o  
t h e  r e s u l t s  based on Boltzmann statistics. I t  is a!;o suggested t h a t  carrier 
d f f f u s i v i t y  r e l a t i o n s h i p s  t h a t  appiy t o  degenera:e materials i n  thermal e q u i l i -  
brium may a l s o  be a p p l i c a b l e  t o  r eg ions  i n  which high i n j e c t i o n  e x i s t s  even i n  
nmdegene ra t e  m a t e r i a l .  

a t i o n s ,  S u i l t - i n  and induced e lectr ic  f i e l d s ,  ‘;andgap narrowing- carrier COE- ‘ I  

Imposing t h e  a p p r o p r i a t e  bobndary cond i t ions  on the c ?d-fnrm s o l u t i o n s  
results i n  a ser of equa t ions  which r e q u i r e  simultaneou  tion. on. This r e s u l t s  
i n  ob te in fng  the  so i i i t i on  cf a l l  constan:s of i n t e g r a t i c n ,  croa which, in  
p r i n c i p l e .  all c e l l  c h a r a c t e r i s t i c s  may L e  de r ived .  I t  has  been demonstrated 
that r ecu r s ion  r e i a r tonsh ip . ,  e x i s t  between t h e  consc.ints of i n t e g r a t i o n .  T r i a l  
or “guess” c i r lu t ioas  are no t  required i n  t h i s  new x t h o d  f o r  dev ices  o p e r a t i n g  
a t  any i n j e c t t o n  l e v e l ,  because t h e  closed-form solL’tons obtained a t  each mesh 
poiqt, in f a c t ,  fulfuil t h i s  .-ale- This c a r r i e s  over t o  those dev ices  o p e r a t i n g  
a t  high i n j e c t i o n  l e v e l s ,  bu t  t he  i n c i u s i o n  of Auger re-ombination in t roduces  
n o n l i n e s r  terms i r l  t h e  c o n t i n u i t y  eqtiatiocs,  37d s p e c i a l  a t t e n t i o n  mst be 
devoted t o  s a t i s f y i n g  Poisson‘s  equ?+ion.  UnC r t hese  c o n d i t i o n s ,  an i n i t i a l  
es t imace must  be ma& o f  t h e  va lue  of t h e  indrpendent v a r i a b l e  for i n c l u s i o n  in 
t h e  . :iti .nuity equa t ions  at t t -  i n i t i d l  mesh Foint. An i terat ive procediire is 
then used t o  o b t a i n  a c m s i s t e n t  c o l u t i m .  

Y 
h: 
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Couyuter aoSei ing s imula t ions  have %eea show t o  be very u s e f u l  i n  the  
de*;eiqmecit  of semiconductor devices  i n  those cases where the  s imulat ion is an 
a c c u r z t e  r e p r e s e n t a t i o n  of t h e  p h y s i c a l  device.  Rnueuer, t o  be ;n e f f e c t i v e  a i d  
ta  t h e  exper imenta l i s t  and to  become an equal p a r t n e r  i n  t h e  t e c - h o i o g i e s  used 
i n  de-Jics devzlopmeot, It may be required t o  operace the  ccmputer program 
i requeut ly  eech Cay i n  an  a c t i v e  developlsectal progran. For f requent  we, as 
required i n  s o l a r  cell development, W J  costs mst be law. Xxecvex,  lou  CPU 
c o s t  allows f o r  engaging i n  computer experiments,  which can be =de t o  bc a very 
u s e f u l  and powerful technique. 

Computer modeling us ing  numerical  i n t e g r a t i o n  (XI) methods i n  S i  device 
technology 5ave u s u a l l y  s h a x  fair-to-good agreement with experimental  data. 
Hovever, CPU costs fo r  t h e  execut ion of c r q u t e r  program t h a t  are based c r ~ z  
w t r i c a l  I n t e g r a t i o n  methods are p r o h i b i t i v e l y  high for :heir ~ s c  as a labora- 
to ry  or m n u f a c t u r i r g  t o o l  [I]. The nrmber cf b i a s  F e i n t s  that are required to  
s tudy  optimized device des igns  u s u a l l y  exceeds 5,000 runs. 
prehtns ive  s tudy  involving device e t r u c t c r e s  or new t:pfa of &vices  may exceed 
10,090 runs.  I n  m s t  
czses, t h e  c o s t  of such s t u d i e s ,  fc-r t h e  b e n e f i t s  gained, may not  be a t t r a c t i v e .  

S i m i l a r l y ,  a LOW 

Increased CPU cost r e s u l t s  i f  ccnvergent prcblems arise. 

Simulation accuracy is d e t e m l n e d  by bath  t h e  scciracy af t h e  algori thm/ 
analytical method represent tng  the  device t r m s p o r t  equat ions.  and the  accuracy 
of t h e  phenomena submodels i n  r e p r e s e n t h g  t h e  corresponding e x y e r i s e n t n l  d a t a  
r n l a t e d  t o  m a t e r i a l  p r o p e r t i e s .  For most e f f i c i e n t  use c.f the @E, the  accuracy 
of t h e  a l g o r i t h d a c a l v t i r a l  method and of the  phenmeria sabmodels should be 
commensurate. For example, ever i f  t h e  z i lgczi thmlanalyr ical  zethod a c c u r a t e l y  
r e p r e s e n t s  the  device,  s imula t ion  r e s u l t s  a y  not agree s i t h  experimental  d a t a  
i f  t h e  phen3mer.a submodels a r e  a c c u r a t e l y  represente  ?'he reverse  is a i s o  
trae. I n  so lar  cells,  che phenomena submadels t h a t  ,J,roduce f i r s t - o r d e r  e f f e c t s  
in terminal  c o a r a c t e r i s t i c s  2re: a b s  p t i o n  curve,  b u i l t - i n  and induced e lectr ic  
f i e l d s ,  bandgep. l i f e t i m e .  E o b i l i t i e s ,  d i f f u s i v i t i e s ,  photoexcLted carrier 
concent ra t ions ,  s u r f a c e  recombination v e l o c i t i e s ,  j u n c t i o n  t r a n s p o r t ,  etc. The 
representa t ion  of  t h e  phenomena submodels must take on an importance e q u a l  t o  
t h e  a n a l y t i c a l  method used to  represent  t h e  sys tem.  

Under sane opera t ing  condi t ions  and f o r  a number of s o l a r  c e l l  s t r u c t u r e s ,  
two-dimensional modeling may be required t o  o b t a i n  improved agreement between 
s imulat ion r e s u l t s  and experimental  d a t a .  Although the  r e su l t s  presented above 
apply genera l ly  tc: one- a d  two-dimensional modeling, che CFU execut ion t i m e  is 
s i g n i r i c a n t l y  g r e a t e r  for two-disensionai s i n u l a r i o n s .  

I n  t h i s  payer,  a new method is descr ibed which h z i  been used t o  s imulate  
semicmductor  device c h a r a c t e r i s t i c s .  Altiiough t h i s  meihod share-  s i s i l a r i t i z s  
with sme aspects of PI methods, i t  d i f f e r s  markedly i n  oth2r  aspec ts .  
Abbreviated forms of a n a l y t i c a l  r e l a t i o n s h i p s  represent ing  the s o l u t i o n  of s o l a r  
c e l l  t r a n s p o r t  equat ions t h a t  a r e  obtained using t h i s  new llethcd are presenLed 
and discussed.  The s imilar i t ies  and d i f f e r e n c e s  between the  methods are a l s o  
discussed.  

f 
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In this  sectim, t h e  t r a n s p o r t  equa t ions  a r e  discussed as they relate t o  
t\e s i m p l i f i c a t f m s  and approximations t h a t  are requ i r ed  t o  be made in  o rde r  t o  
use NI meLhods and the  new method, which i s  t h e  a p p l i c a t i o n  of closed-form 
s o l c t i o n s  app l i ed  t o  a mesh p n i n t  f i e l d .  The f i n i t e  d i f f e r e n c e  (FD) and f i n i t 2  
e i ePeu t  (FE) methods, which are considered NI a r t h o d s ,  are b r i e f l y  d i scussed  
,ecause the; are most similar t o  t h i s  new w t h o d .  Xr: o u t l h e  of t hese  methods 
i s  presented and t h e  procedures are d a e l o p e d  t o  apply therr. 
t. 

Sumerical I n t e g r a t i o n  Methods 

The most commonly used t r a n s p o r t  model i n  semiccaductor dev ices  is due t o  
Fan Roosbroeck and is  rep resen ted  by the set of equat ions:  

* = - - V *  1 + J +(G-R) , 
a t  9 P 

v - + ~ = g  ( p - n + N - N  1 
D A  E 

The above set of r e l a t i o n s h i p s  is a p p l i c a b l e  t o  nondegenerate and desene ra t e  
materials, low and high i n j e c t i o n  l e v e l s ,  dc and ac o p e t z t i o n ,  and t o  mcj t  
semi-conductor dev ice  s t r u c t u r e s .  

The Van Roosbroesk t r a n s p o r t  equa t ions  comprise a system of coupled p a r t i a l  
d i f f e r e n t i a l  equa t ions  that  d e s c r i b e  a semiconductor c a r r i e r  concen t r a t ion  and 
c u r r e n t  d e n s i t y  i n  p o s i t i o n  and t h e .  The n e t  balance of gene ra t ion  soUrces and 
recombination s i n k s  of e l e c t r o n s  and h o l e s  are descr ibed by the r e s p e c t i v e  
c o n t i n u i t y  equat ions,  and t h e  Poisson equa t ion  d e s c r i b e s  the e lec t r ic  f i e l d  
d i s t r i b u t i o n  t h a t  is produced by t h e  charge d i s t r i b u t i o r  uiLhin the  semiconductor 
For s o l a r  cel ls ,  t h e  s t eady- s t a t e  cond i t ion  is assumed. which g r e a t l y  s i m p l i f i e s  
:?,e t r a n s p o r t  se t  because an/ a t  and 3pf $ t  vanish.  
may be added t o  t n e  t r a n s p o r t  equa t iuns  t o  a c c u r a t e l y  d e s c r i b e  a v a r i e t y  of 
carrier dynamical and o t h e r  i n t e r n a l  phys i ca l  processes .  

Device phenomena subinodels 

However, the Van Roosbroeck equa t i c - s  m u s t  be s i g n i f i c a n t l y  modif ietl i,. 
o rde r  t o  desc r ibe  the  e f f e c t s  ar ic i , rg  from v e l o c i t y  overshoot ,  b a l l i s t i c  ;ran;- 
p o r t ,  and very t h i n  s u r f a c e  l a y c r s  [3. . I n  s o l a r  c e l l s ,  only thb  l a t t e r  may 
neea cons ide ra t ion .  The phenomeTon i r  t h i n  n-type s u r f a c e  l a y e r s ,  where an 
oxide charge i n s u l a t o r  (OCI) prodtices zn e l e c t r o n  accumulation, may i n t  :crdilcP- 
sidebands within t h e  conduction 
quant ized l e v e l  f o r  e l e c t r o n  transport .  i n  a e i r e c t i o n  normal t o  thz su r face .  

a r i .  where each sideband corresponds t o  a 
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S o l c t i o n  of t h e  t r a n s p o r t  equat ions  i s  more d i f f i c u l t  f o r  h igher  order  
modeis ; i. I . ,  t ime-dependert reqsirements  , and tb i -  and three-dimecsional 
geometries [2-11]. 
two-dimensional modeling when cmprehens ive  phenomena subcodels  are considered 

Ht:-?c.ver, t h i s  d i f f i c u l t y  is brought i n t o  sharp focus ia 

[2,121- 

I n  comprenensfve r e p r e s e n t a t i o n s ,  t h e  complexity of t h e  Van Rmsbroeck 
t r a n s p o r t  equationr does c o t  allow f o r  closed-form s o l u t i o n s  which a c c u r a t e l y  
s imulate  semiconductor devices.  Accurate s o l u t i o n  of the  t r a n s p o r t  equat ions 
r e q u i r e s  a method t h a t  s i m p l i f i e s  these  equat ions.  
t o  d i v i d e  the  device s t r u c t u r e  intci small p a r t s  [2-15]. I n  one-, two-, and 
three-diaensional  s o l u t i o n s ,  chese small p a r t s  are def ined  as i n f i n i t e  s l a b s ,  
areas, and volumes, respec t ive ly .  Each of these  small p a r t s  is assigned a mesh 
poln t ,  vh ich  is i d e n t i f i e d  by one, two ,  or t h r e e  i n d i c e s  corresm,-?ding t o  a one-, 
two-, o r  three-dimensional r e p r e s e n t a t i o n  of the  device.  These s m a l l  p a r t s  must 
be made s u f f i c i e n t l y  snizll so t h a t  a i l  dependent v a r i a b l e s  i n  t h e  t r a n s p o r t  
equat ions  e x h i b i t  s sa l l  changes i n  va lue  between ad jacent  mesh p o i n t s  [2,4,5,8, 
151. In  a d d i t i o n ,  the  c o e f f i c i e n t s  i n  t h e  t r a n s p c r t  equat ions a l s o  e x h i b i t  
small o r  n e g l i g i b l e  changes between ad jacent  me& p o i n t s  [15]. 
these  condi t ions  is not  set ,  a s o l u t i o n  is n o t  obtained because convergence does 
not  occur. NI methcds and t b e  closed-form s o l u t i o n s  may be appl ied  t o  mesh 
p o i n t  f i e l d s .  

The most popular  approach is 

I f  e i t h e r  of 

In  applying t h e  FD riethod, a l l  d e r i v a t i v e s  are replaced by f i n i t e  d i f f e r e n c e s  
be Jeen d i s c r e t e  p o i n t s  i n  an active domaln i n  t h e  in:ericr of t h e  s t r u c t u r e .  
T h e  res idue  of t h e  newly e s t a b l i s h e a  differer ice  equat ion is set  t o  zero  a t  each 
me: -I poin t .  Thus, t h e  d i f f e r e n t i a l  equat ions a r e  transformed i n t o  d i f f e r e n c e  
OF - r a t o r  equat ions.  
rnt ;h q o i n t  f r m  t h e  se t  of Zquations obtained [2 ,4] .  

The va lue  of t h e  dependent v a r i a b l e  is determined a t  each 

For examp- e, t h e  d i f f e r e n t i a l  equat ion Ec, determine t h e  temperature d i s t r i -  
bution is given by [ A i  

( 6 )  
d2T - = o  . 
dx 2 

The d i f f e r e n c e  opera t ion  is represented by 

Ti+2 - Ti+l Ti+l - Ti - -- 
d2T Ax Ax 

2 dx x (7)  

wLlere Ti, Ti+l, and Ti+2 are t h e  va lues  of the  dependent v a r i a b l e ,  T ,  a t  t h e  

mesh p o i n t s  i, i+l, an6 i + 2 ,  and Ax is  the  independent v a r i a b l e  represent ing  the  
separa t ion  of t h e  m e s +  p o i c t s  i and i+l ,  and i+l and i+2, assumed t o  be equal.  
A cor --?onding equat ion is constructed a t  dach mesh poin t .  The r e s u l t a n t  se t  

Thlls, 

. IC  t b : l - - e  of the dwendent  v a r i a b l e ,  T ,  is obtained En> ac the  mesh p o i n t s  1, 

a6 ec,-dtions r e q u i r e s  the  s l x l t a n e o u s  s o l u t i o n  f o r  T I ,  T2, --, Ti, - . 

-. ' .. -- . The value  f o r  T i n  t h e  region between the mesh p o i n t s  is not  

. .  



obtained e x p l i c i t l y  and may only be approximated by one of t h e  e s t a b l i s h e d  
methods. Typica l l s ,  a l i n e a r  approximation is used. 

In  t h e  FE method, a t y p i c a l  assumption made i s  t h a t  t h e  dependent v a r i a b l e  
is a linear func t ion ,  where, f o r  t h e  system discussed above involving temperature 
[ 4 1 ,  

!z - Xi) . Ti+l - Ti 
T = T i + x  - x  i+l i 

This r e l a t i o n s h f p  is s u b s t i t u t e d  i n t o  a n  equat ion,  c a l l e d  t h e  "funct ional ,"  t h a t  
d e s c r i b e s  the  system to o b t a i n  a set of equat ions.  Simultaneous s o l u t i o n  of 
t h i s  set r e s u l t s  i n  d i s c r e t e  v a l u e s  of the dependent v a r i a b l e  a t  each of t h e  
mesh poin ts .  
l i n e a r  r e l a t i o n s h i p  similar t o  t h a t  represented i n  Eq. (8). 

Between t h e  mesh p o i n t s ,  t h e  dependent v a r i a b l e  is g??erned hy a 

The f u l l  numer'cal s o l u t i o n  of p a r t i a l  d i f f e r e n t i & ,  equat ions as descr ibed 
above, which is appl ied  t o  2 p h y s i c a l  system and which d e s c r i b e s  a l l  regions of 
this system i n  a u n i f i e d  manner, w a s  f i r s t  suggested by Gummel [SI. 
work, Gumel appl ied  h i s  method t o  a one-dimensional b i p o l a r  t r a n s i s t o r .  
Subsequently, t h e  method was f u r t h e r  developed by DeMarf [6,7] who appl ied  .'-t io  
p-n junc t ions ,  and by S c h a r f e t t e r  and Gummel [SI t o  ZWATT diodes.  Although 
t h i s  i n i t i a l  work was confined t o  one-dimensional s t r u c t u r e s ,  t h e  Gmmel appruach 
has  a l s o  been adapted t o  two-dimensional modeling [3,9-121. However, t h e  two- 
dimensional a lgori thm r e q u i r e s  excess ive  CPU execut ion t i m e  [3 ,12J .  

I n  t h i s  

Phenomena submodels may be imposed ~3 t b e  coupled nonl inear  p a r t i a l  
d i f f e r e n t i a l  equat ions which may r e s u l t  i n  nonl inear  t r a n s p o r t  equat ions;  i .e. ,  

band-to-band Auger recombination in t roduces  a term involving n or p2,  and the 
e lec t r ic  f i e l d  i n  t h e  quasi-neutral  region depends on the  i n j e c t i o n  l e v e l .  I n  
N I  numerical methods, t h e  t r a n s p o r t  r e i a t i o n s h i p s  are l i n e a r i z e d .  Two schemes 
have been used and both r e q u i r e  i n i t i a l  "guess" solut3ons.  
proposed by G u m e l  [ 5 ]  is LO assme t h e  coupling is weak so t h a t  the  equat ions 
are solved s e r i a l l y .  While the  method is  not  d i f f i c u l t  t o  implement, i t  f a i l s  
t o  g ive  accura te  r e s u l t s  f o r  h ighly  nonl inear  systems. The coupled method, 
proposed by Hach'el e: 01. [14],  s o l v e s  the t r a n s p o r t  equat ions simultaneously.  
However, t h i s  is mote d i f f i c u l t  t o  implement. The implemeatatlon of the  
algori thm becomes complex when recombination-gcneratj on and e l e c t r i c  f i e l d  dr i f  
terms are included [4]. I n  a d d i t i o n ,  t h i s  r e s u l t s  i n  s i g n i f i c a n t l y  higher  CPU 
executron time and increased main memory requirements.  

2 

The decoupled method 

As discussed above, . ,:?a NZ methods results i n  values  f o r  Lhe dependent 
v a r i a b l e s ,  silch as t h e  c - -a :oncentrations and e l e c t r i c  f i e l d ,  a t  d i s c r e t e  
p o i n t s  i n  the  semiconductvr; i . e . ,  a:: the  mesh p o i n t s .  Thus, the  -nntinuum of 
the  dependent v a r i a b l e s ,  descr ibed by the manspor t  equat ions ,  i s  transformed 
i n t o  a d i scont in tous  or discrete ;et cf va lues  represent ing  these v a r i a b l e s  a;: 
each of t h e  mesh p o t n t s .  
does n o t  r e s o r t  t o  t h i s  transformation. 

In  rmtrasr:, t h e  method t h a t  is proposed i n  thl.s paper 
1 
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The major p o i n t  of depar ture  between the a l g o r i t h m  of the  new method and 
NI methods is t h a t  t h e  new method uses  a closed-form s o l u t i o n  which is appl ied  
t o  a mesh p o i n t  f i e l d  t h a t  d e f i n e s  the  system i n  space and i n  time [ 1 5 ] .  This 
r e q u i r e s  t h e  a p p l i c a t i o n  of t h e  t r a n s p o r t  equat ions  t o  each mesh poin t .  I? 
order  t o  o b t a i n  a closed-form s o l u t i o n  t o  t h e  t r a n s p o r t  equat ions.  :he mesh 
poin t  f i e l d  is generated so t h a t  t h e  equat ions  a c c u r a t e l y  represent  each mesh 
point .  
i n  a continuum of va lues  f o r  t h e  dependent v a r i a b l e s  i n  t h e  region between 
ad jacent  mesh p o i n t s .  
a continuum of values  f o r  t h e  dependent v a r i a b l e s  i n  t h e i r  corresponding regions.  
Analy t ica l  s o l u t i o n s  of neighboring mesh p o i n t s  s a t i s f y  t h e  u s u a l  boundary 
condi t ions  t h a t  are demanded i n  semiconductor devices  ic accordaLce w i t h  t h e  
e l e c t r o n i c / o p t i c a l  model under cons idera t ion .  
sen t ing  t h e  dependent v a r i a b l e s  E t  each mesh p o i n t  conta in  cons tan ts  of in tegra-  
t i o n ,  which a r e  dttermined by imposing t h e  boundary condi t ions  on each of the  
s o l u t i o n s .  

The closed-form r e l a t i o n s h i p s  represent  a n a l y t i c a l  s o l u t i o - s  and r e s u l t  

Analy t ica l  s o l - i t i o n s  of ad jacent  mesh p o i n t s  a l s o  provide 

The a n a l v t i c a l  s o l u t i o n s  repre- 

A procedure has  been e s t a b l i s h e d  i n  applying t h e  closed-form s o l u t i o n s  t o  a 
mesh poin t  f i e l d .  The procedure i s  as fol lows [15]: (1) e s t a b l i s h  the  elec- 
t r o n i c / o p t i c a l  model of t h e  s o l a r  c e l l  wi th in  t h e  g e n e r i c  t r a n s p o r t  equat ions;  
(2) impose the phenomena submodels, represented i n  a n a l y t i c a l  o r  t a b u l a r  form, 
on t h e  t r t n s p o r t  equat ions;  (3) develop mesh point  f i e l d  d i s t r i b u t i o n  of order  f 
which reduces t h e  complexity o f ,  and makes t h e  c o e f f i c i e n t s  t h z t  are present  i n ,  
t h e  c o n t i n u i t y  equat ions constant  or near ly  cons tan t ,  so t h a t  a closed-form 
s o l u t i o n  is obtained a t  each mesh poin t  wi th  minimum r e s t r i c t i o n s ;  (4) e s t a b l i s h  
2f-boundary condi t ions  on t h e  mesh poin t  f i e l d ;  (5) apply the  2f-boundary 
condi t ions  on the  f-closed-form s o l u t i o n s ;  and ( 6 )  so lve  t h e  r e s u l t a n t  2f-- 
e q u a t i m s  simultaneously t o  o b t a i n  t h e  2f-constants of l n t e g r a t i o n  through 
recursion r e l a t i o n s h i p s .  I n  p r i n c i p l e ,  the  t r a n s p o r t  equat ions are uniquely and 
completely solved a f te r  t h e  r e l a t i o n s h i p s  f o r  t h e  2f-constants  of i n t e g r a t i o n  
are obtained. Electron cur ren t  i s  c a l c u l a t e d  a t  t h e  d e p h t i o n  region edge; the  
hole  cur ren t  is determined by a s i m i l a r  r e l a t i o n s h i p .  Adding the  e l e c t r o n  and 
hole  c u r r e n t s  results i n  t h e  J-V r e l a t i o n s h i p  from which most of the te rmina l  
c h a r a c t e r i s t i c s  are recovered. 

The wel l -es tabl ished s o l a r  c e l l  e l e c t r o n i c / o p t i c a l  model i s  imposed on the  
t r a n s p o r t  equat ions;  i . e . ,  o p t i c a l  p a i r  genera t ian  of c a r r i e r s ,  and minori ty  
c a r r i e r  c o l l e c t i o n  and t r a n s p o r t  a c r o s s  a p-n j u n c t i o n .  This i s  followed by 
imposing t h e  phenomena submodels which are subsequently discussed.  
d i s t r i b u t i o n  is  e s t a b l i s h e d  so  t!iat t h e  electric f i e l d ,  l i f e t i m e ,  mobi' i t y ,  
d i r f a s i v i t y ,  absorptFon c o e f f i c i e n t ,  and bandgap e x h i b i t  small changes between 
ad jacent  mesh poin ts .  Figure 1 show- the subdiv is ion  of a one-dimensional solar 
ce l l  s t r u c t u r e .  Xs> are subdivided 

I n t o  f - and f -mesh p o i n t s ,  respec t ive ly .  To i l lus t ra te  the  method, t h e  p- 
n P 

region t ranspor t  s o l u t i o n  is discussed below. The e l e c t r o n  c o n t i n u i t y  equat ion 
is represented by 

A mesh poin t  

The n - r e g i m  (0, X2) and the p-region (X 3'  

I 

I 
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where t h e  Poisson equat ion tabes its u s u a l  form. 
d e f i n i t i o n s ,  where n and n represent  t h e  t o t a l  and photoexcited e l e c t r o n  

concentrat ions,  respec t ive ly .  Implicir:  i n  Eq. (9) is t h a t  t h e  subdiv is ion  
r e s u l t s  i n  a condi t ion  i n  which t h e  s l o p e  of t h e  electric f i e l d ,  dE /dx, is 

P 
small and may be neglected i n  a region between ad jacent  mesh poi-nts. Although 
t h e  e l e c t r i c  f i e l d  s lope  is assumed t o  be n e g l i g i b l e ,  t h e  e lectr ic  f i e l d  i t se l f ,  
i n  genera l ,  i s  allowed t o  vary  from mesh p o i n t  t o  mesh poin t .  Moreover, under 
these  condi t ions  t h e  remaining material p r o p e r t i e s  a l s o  e x h i b i t  small changes 
between neighboring mesh p o i n t s  f o r  low i n j e c t i o n  levels. 
l a r g e  under high injec:ion l e v e l s ,  i n  which case a more dense mesh p o i n t  f i e l d  
may be required t o  maintain comparable i*hanges. As a r c s u l t ,  a near-exact 
closed-form s o l u t i o n  is obtained a t  each mesh p o i n t  f o r  the  photoexcited e l e c t r o n  
concentrat ion,  which is an exac t  s o l u t i o n  of Eq. (9)  and is represented by 

The symbols have t h e i r  usua l  

P P e  

These changes become 

n (x) = B exp (w  x)  + 
p e j  1.i 1j 

where t h e  terms com?rising Eq. 

B .exp(w x) + 
23 2 j  

(10) are given i n  Table 1. 
*I. 

The s u b s c r i p t s ,  j ,  i z  Eqs. (10)-(30) repr  i sen t  t h e  j"' mesh poin t  i n  t h e  p- 

2 j  
region as  ind ica ted  i n  Figure 1. 

represent  the  cons tan ts  of i n t e g r a t i o n ,  and B ia E q .  (11) r e p r e s e n t s  t h e  

photoexcited e l e c t r o n  concentrat ion,  orcddced by -'-.oton absorp t ion  i n  che region 

of t h e  j th  mesh poin t .  
equat ions a t  each mesh poin t ,  w and u i n  E q .  (14) a r e  cons tan ts .  Phato- 

exci ted e l e c t r o n  concentrat ion,  Eq. (101, i s  governed by .he exponent ia l  t e n ,  
and B which are a l l  func t ions  of p o s i t i o n ;  i n  addi t ior . ,  

of wavelengtn through Eqs. (12) and (13). Eq. (10) provides f o r  continuous 
va lues  of n through t h e  assignment of values  t o  x,  where the  range of x is 

restricted t o  the  region between .ne (j-I.) and j mesh p o i n t s .  I n  c o n t r a s t  t o  
numerical i n t e g r a t i .  7 -  methods, t h e  continuum of va lues  descr ib ing  the  behavior 
of n is preserved in the  closed-form scheme as w a s  t h e  o r i g i n a l  i n t e n t  pro- 

posed by the  Van Roqsbroeck concept related t o  the  use  and the i n t e r p r e t a t i o n  of 
t h e  t r a n s p o r t  equat ions.  

Correspondingly, i n  Eq .  ( l o ) ,  B l j  and B 

3 j  

I n  the  context  of t h e  c o n d i t i c r c  imposed on the c o n t i n u i t y  

l j  2 j  

is a l s o  a func t ion  3j 3 j  

P e  

Pe  

It is c l e a r  t h a t  t h e  r e l a t i o n s h i p  used i n  the closed-form s r t n o d ,  t o  
represent  the  photoexcited e lec t ror .  concentration, Fy. ( i o ) ,  is an a n a l y t i c a l  
s o l u t i o n  t h a t  i s  demanded by, and has  i t s  support  i n ,  the t r a n s p o r t  equat ions.  
Moreover, t h i s  r e l a t i o n s h i p  may a l s o  incorpora te  a commehensive set of phenomena 
submodels a s  d i c t a t e d  by the t r a n s p o r t  equat ions,  imposed boundary condi t ions ,  
and t h e  r e p r e s e n t a t i o n s  c .  t h e  m a t e r i a l  p r o p e r t i e s  coupled with the mesh poin t  
f i e l d ,  The phenomena suhmcdels t h a t  i ? f l u e n c e  Eq.  '!0) a r e  represented i n  t h e  
r e l 3 t i o n s h i p s  f o r  the  parsmeters.  Eq .  (11) -<36 j ,  t h a t  descr ibe  t h e i r  behavicr  i n  
t h e  region bounded by t h e  (j-1) and j planes i n  Figure 1. Eqs .  (11) --:) descr ibe  
the photon absorpt ion genera t ion  r a t e  and the  r e d i s t r i b u t i o n  of t' photoexcited 
electron-hole p a i r s ,  wt:ile Eq. (14) goverlls t-he e l e c t r a n  e f f e c t i v e  d i f f u s i o n  
length  i n  t h e  presence of a n  e l e c t r i c  f i e l d .  
the  e l e c t r o n  cur ren t  a r e  represented i n  Eq. (l>;, and the e i e c t r i c  f i e l d  *:sed i n  

D - i f t  and d i f f u s i o n  components of 
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Table 1. L i s t  of rclationships of terms appearing i n  ti;, solution of 
the electron concentration, Equation (10) .  
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Table 1 (continued).  
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(20) 

dN kT 1 Aj = - -  
EpIPoj q fiAj dx ' ( 2 1 )  I 
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t h e  d r i f t  term is given by E q .  (15) .  The electric f i e l d  COE iients are defined 
i n  Cqs. (17)-(27), a r i s i n g  under equilibrium and nonequi l ibr i -a1 c o n d i t i r w ,  and 
i x l u d t :  e f f e c t s  produced by ohmic w l t . a g e  drops i n  t h e  qurs i -neut ra l  reg ions ,  
bandgap narrawiag, impurity concent ra t ion  p r o f i l e ,  and pkotoexci tsd e l e c t r o n  
c o n c e n t r a t i m  d i s t r i b u t i o n .  Eq.  (29) d e s c r i b e s  t h e  i n t r i c s i c  concent re t ion  with 
respec t  t o  temperature and bandgap narrowing. 

I n  c o n t r a s t ,  t h e  r e l h t i m s h i p  t h a t  is  +ed i n  L methods, corresponding t u  
Eq. ( l o ) ,  i s  typir  a l l y  l i n e a r  and ' s  of t h e  form give11 by 

(31) 

where -. is the independent v a r i a b l e  i n  t h e  region bounded by t h e  (j-!) and j 
planes.  The photoexcited carrier concent ra t ions ,  n and n p e  ( j + l )  ' dc not  

normally represent  a l g e b r a i c  expressions,  but  r e p r e s e n t  d 5 s c r e t r  va lues  and 
r e q u i r e  i n i t i a l  e s t i m a t e s  of t h e  concent ra t ions  at t h e i r  i es igqbted  p o s i t i o n s .  
The r i c h n e s s  cf  Eq. (IO) and i t s  assoc iare6  parameters,  def incd in E q s .  ( '1)-  
(301, i n  represent ing  device phys ics  is c l e a r l y  ev ident  i n  c o n t r a s t  t o  the  
r e p r e s e n t a t i c n  i n  Sq. (31). This r e l a t i o n s h i p ,  Ec;. (311, is  used i n  iI methods 
because i t  simplifies t h e  matr ix  equatioti  t h a t  r e q u i r e s  s o l u t i o n ,  bu: i t  is 
a r t i f i c a l  i n  i t s  represencat ion of t h e  photoexcited eLectron cr zcent  r c t i o n  
because i t  has been constructed independent of t h e  t r a n s p o r t  equat ions.  

pej 

The d i f f e r e u c e  i t 1  ~ l - 2  r e s u l t s  obtainr-ci by applying Eqs. (10) and (31; ;o 
tl. same mesh poin t  d i s t r i b u t i o n ,  which def ines  the s o l a r  c e l l  s t r u c t u r e ,  is 
s i g n i f i c a n t .  Applying E q .  (10) r e su l t s  i n  the  determir.ation of the constant', of 
i n t e 9 r a t i o n .  B and  B assigned t o  the  c a r r i e r  a ra ly t ica l  r e l a t i o n s h i p  st 

each mesh point .  

t i ca l  r e l a t i o n s h i p  a t  each mesh p o i n t ,  descr ib ing  the  behavior of n f o r  a 

continuum of va lues  of x i n  the  range x 

o f  applying E q .  ' ? l )  i s  a set  of d i s c r e t e  va lues  f o r  n 

Ij 2 j '  
S u b s t i t u t i n g  B l j  and B i n  Eq. (10) provides f o r  an  analy- 

2 j  

(j-1) j' 
p e j  

and x In  c o n t r a s t ,  t h e  r e s u l t s  

a t  each m s h  p o i n t .  
p e j  

I n  the  work reported i n  t h i s  paper,  the g e n m a l  case is t r e a t e d  as i'; 
r e l a t e s  t o  i n j e c t i o n  l e v e l .  The information of i n j e c t i o n  1c,*el  i s  contained i n  
t h e  e l e c t r i c  f i e l d  a r d  i t s  cwponents ,  E p s .  (16)-(30), l i f e t i m e  through the  
d i f f u s i o n  length,  

t h e  p' n junc t ion ,  and in t'ie c a r r i e r  mobi l ic ies  and d i f f u s i v i t i e s .  Appl.'cGtibn 
of F q .  (10) requirGs n e g l i g i b l y  small changes i n  e l e c c r i c  f t e l d  tetween sSjacent  
m e s t .  po in ts .  Under those cocdi t ions ,  Eq.  (10) is an exce-13~nt  appuoxilaation t o  
the  exac t  s o l u t i o n  I t *he . i ~ s i g n e d  mesh poin t  regioc.  The measure f o r  which 
E q .  (10) approaches t h ?  t x x t  s o l u t i o n  i s  the  seli .-consistency obtatned from the  
s o l u t i o n  of c h e  Poisson e , . i a t i o n  using the  a n a l y t i c a l  rclati t : .nships f o r  n m d  

the  numbc of i t t i - a t i o n s  r ,quirec! t o  o b t i i n  va lues  bf B 

Lnd boundar; condi t ions  a t  the  deple t ioq  edges bounding Ln 9 

P e l  

and '2.j. 1.i 

The f -mesh ,.wir.t l i s r r i b d t i o n  i n  che p-type region 0'. the  Folar  c e l l  

P 3 3 

P 
cmpr ises  ( f  .I) in te rna l .  boli-daries, and e x t e r n a l  boundaries a~ x an& x,. A t  

the  e x t e r n a l  boundaries,  the usual p-n junc t ion  bourdary condi t ion  on minoi-ltjr 
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carrier concentration applies. At each of the (f -1) internal boundaries, the 

electron concentration and electron current, separately, are continuous and are 
represented by 

P 

.* ! 
‘ i  
+ I  

where 

(33) 
AEcj /kT k = e  

j 1 ’  I 

I ,. :’I and 

( 3 4 )  

th th where y is the sc’aration between the (3-1) and j mesh points. A surface 
recombination velocity boundary condition is imposed at the x boundary. This 

results in 2f -boundary conditions, from which 2f -equatiocs are obtained that 
must be solved simultaneously to obtain the solution of the 2f -constants of 

oj 
5 

P P 
integration. P 

Applying the boundary conditions using Eqs. (10) and (15) results in 2f - 
equations which are represented in matrix form by P 

f 

- !  
’ -  I 

1 1  1 0  0 0  

olkl Ilk, - 1  -1 0 

blot t ,r,  - a 2  - e 2  0 
0 0 OZk2 T* - 1  -1 
0 0 b2O2 t2rz -$ - t 3  

.. i 

i 

:I 
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The cons tan ts  of i n t e g r a t i o n  are denoted B 11’ B123 --- 
r e l a t i o n s h i p s  f o r  t h e  o t h e r  f a c t o r s  contained i n  Eq. (35)  d e  the‘material an6 
s t r u c t u r e  p r o p e r t i e s  a t  correspocding mesh p o i n t s .  
condi t ion  [16 j  is used a t  x3, because ft r e p r e s e n t s  t h e  bomdary f o r  t h e  com- 

p l e t e  range of condi t ions  t h a t  may e x i s t :  frDm equilibrium (i.e.,  the  photo- 
vo l tage  V = 0) through increas ing  p s i t i v e  va lues  of \ up to  and including 

high i n j e c t i o n  i e v e l s  where V 

Blf  , B2f , and the  

The F l e t c h e r  boundary 

JPh JPh 
Jph ’bi. 

I n  Et, (331 ,  AEcj r e p r e s e n t s  t h e  band edge d i s c o n t i n u i t y  loca ted  a t  the j 

mesh point .  I f  AE is p o s i t i v e ,  t h e  boundary condition descr ibes  mjnority 

c a r r i e r  confinement (i.e., e l e c t r o n s  confined t o  the  j u n c t i o n  region) .  
c j  

The f a c t o r s  cu and w Eq. ( ! 4 ) ,  are t h e  r e c i p r o c a l s  of t h e  e f f e c t i v e  l j  2 j ’  
e l e c t r o n  d i i f u s i o n  length  i n  t h e  p-type region,  and descr ibes  the  recombination 
of e l e c t r o n s  i? t h e  presence of an  e l e c t r i c  f i e l d  i n  the  region bounded hetween 
the  (j-1) and j mesh poin t .  
e l e c t r o n s  e n t e r i n g  t k i s  region Ecross the  planes def ined by the  (j-1) and j mesh 
p o i n t s  as vel1 as those photoexcitx! c a r r i e r s  produced by photon absorp t ion  
within t h a t  region. I f  t h e  e lectr ic  f i e l d ,  E = 0, then w 

equal  i n  magnitude t o  t h e  r e c i p r o c a l  of t h e  d i f f u s i o n  length,  L 

S imi la r ly ,  fsr degenerate materia: o r  f o r  high i n j e c t i o n  l e v e l s ,  low values  of 
t h e  electric f i e l d  &re obtained,  and I*) Ir. both cases ,  e l e c t r o n  d r i f t  

toward the junct ion occurs  by means of d i f f u s i m  r a t h e r  than a combination of 
d i f f u s i o n  and f i e l d - a s s i s t e d  d r i f t .  Eq. (10) reduces t o  t h e  more f a m i l i d r  form 
t o  represent  photoexcited c a r r i z r s .  

It d e s c r i b e s  t h e  m c m b i n a t i o n  r e l a t e d  t o  those 

= -w2j and are 

= 6 . p j  Ij 
n n n  

J - .d2j .  
lj 

The c o n s t a n t s  of  i n t e g r a t i o n  a r e  obtained by so lv ing  Eq. (35). While t h e  
m a t r i x  i n  Eq. (35)  may be inver ted  t o  obta in  t h e  s o l u t i o n ,  a recurs ion  r e l a t i c n -  
s h i p  e x i s t s  between t h e  cons tan ts  of i n t e g r a t i o n .  As a r e su l t ,  there  is a 
s i g n i f i c a n t  reduct ion i n  CPU execut ion t i m e  t o  o b t a i n  t h e  va lues  of thcsc 
cons tan ts  through t h e  recurs ion  r e l a t i o n s h i p s .  For exanple,  i n  c e r t a i n  i t e r a t i o n  
procedures,  sone of t h e  terms in these  r c i a t i o n s h i p s  that depend on geometry and 
m a t e r i a l s  p r o p e r t i e s  may no: change and need not  be c a l c u l a t e d  f o r  every 
i t e r a t i o n .  
experience is gained i n  usink t h i s  type of modeling program. 

There a r e  probably o t h e r  b e u c f i t s ,  which w i l l  be revealed as more 

The recurs ion  r e l a t i c n s h i p s  f o r  the  constafics of i n t e g r a t i o n  are gi;ren by 
the  following equat ions:  

I 

i 
i 

I 

I 

-r 
t ; I  
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(40) 
i 

and 

t 

There a l s o  exis ts  r ecu r s ion  r e l a t i o n s h i p s  f o r  t h e  6 

func t ions  of material p r o p e r t i e s  a t  t h e i r  a s s igned  mesh p o i n t s .  

‘s  and the y ‘ s  which are 
nj n j 

Having obtained t h e  c o n s t a n t s  of h t e g r a t i m  and s u b s t i t u t i n g  them i n t o  t h e  
r e l a t i o n s h i p  r e p r e s e n t i n g  t h e  a p p r o p r i a t e  mesh p o i n t ,  t h e r e  r e s u l t s  f - 
r e l a t i o n s h i p s  which f u l l v  d e s c r i b e  t h e  b.?havio?- of n 

p r i n c i p l e ,  a l l  device p r o p e r t i e s  may be recovered through t h e  manipulat ion of 
n 

i n  t h e  n-region, t h e  ho le  c u r r e n t  J Eq. (281, is obtained.  Eq. (28) r e p r e s e n t s  

a r e l d t i o n s h i p  r e l a t i n g  photocurrent  v e r s u s  photovoltage.  The pho tovo l t a i c  J- 
V curve may be obtained from which maximum power and e f f i c i e n c y  !.s calcu- 

l a t ed .  Moreover, t h e  e f f ec t s  on the  J-V curve of t he  phenomena submodels, 

and m a t e r i a l  and s t ruc ture  parameters may be i n v e s t i g a t e d  through B 
and B 3 S .  

P 
i n  t h e  p-region. I n  

Pe 

Using Eqs. (10) and (15) and t h e  corresponding r e l a t i o n s h i p s  f o r  h o l e s  pe js .  

1’ 

JPh 

JPh 
l j  ’ %j ’ I 

SUMMARY 

A new computer modeling method is  desc r ibed  and is appl ied t o  s i l i c o n  s o l a r  
c e l l s .  The method i s  s i m i l a r  t o  numerical  i n t e g r a t i o n  (NI) methods i n  t h a t  
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both require the use of a mesh point field. 
is applied to each mesh point, and through a judicious selection of the mesh 
point distribution, an accurate closed-form analytical function is obtained at 
the assigned mesh point. Application of the boundary conditions, to an f-mesh 
point field, results in 2f-equations that- require simultaneous solution. This 
solution is manifested through the dctermfcatlon of the 2f-constants of integra- 
tion, where each closed-form solution, representing a mesh point, contains two 
constants of integration. Solar cell transport solution is represented by the 
complete set of constants of integration obtained in the n- and p-regions. 
Substituting the constants of integration into the correspcnding closed-form 
analytical function, representing an assigned msh point, results in a set of 

The set of transport equations 

analytical functions that is  applicable only to its assigned region in the mesh 
point field. As a result, the complete set of closed-form functions describes 
the behavior of the photoexcited carrier concentration for a continuum of x- 
values in the n- and p-regions. The photoexcited carrier relationship is used 
to obtain the current-voltage relationship, from which the maximum power point 
and conversion efficiency are determined. Effects of temperature, solar concen- 
tration, submodel parameters, and structure parameters may be studied through 
changes at each mesh point in wlj, w Z j ,  Blj, B2j, and B 3j 
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Lft9DEIOI.A: I have a number of small questions. You put your attention on the 
dependeut variables. which you treat as the hole and electron densities. 
I'm wondering how you enter the external boundary conditions since you 
are not feeding in hole and electron densities at the ends of the 
device. 

LABORTB: At the junction side cf the end region, for example, maaning the 
emitter, the boundary condition becomes the Fletcher boundary condition 
for the photo-excited holes, because we are treating the general case of 
high injection level. At the surface region we are calculating the re- 
combination velocity, by means of a Ax divided by the lifetime at the 
center of the first mesh point. 
results there, in that it appears that even for calculating the surface 
recombination velocity in that manner, it may not be consister,t with the 
slope of the photo-excited holes at the surtace. 
culate the surface recombination velocity, the solution will oscillate. 
We're just puttiag a fix in that, and the fir is that you want to update 
the surface recombination velocity at the surface by tbe exact relation- 
ship. 
the photo-excited hole concentration at the surface, and that is equal to 
the surface recombination current, which includes a drift field component 
and a diffusion ccmponent. So that becomes the left-hand boundary. 

And we have gotten some interesting 

If you don't recal- 

Meaning the product of the surface rscombination velocity times 

I 
i 
' 3  

LINDHOLH: I have a related question. If you are going to do a nun-illuminated 

I'm not now concerned with the edge of what you call 
analysis where you apply a voltage, then how do you get into the external 
boundary conditions? 
the depletion region but rather the contacts of the device. 

llVtORTB: I don't know whether it will work for that, but we c,a Frobably make 
it work. We have not given that any consideration. 

LIHDHOLM: Would you integrate ,he electric field? Would that be the way of 
doing it? Getting integrated, the electric field through the material, 
and setting that equal to zero, and then you would have to iterate, I 
suppose. 

W E f T E :  Yes, we have that in the model because under high injection level 
you want to determine what the voltage drop is accoss the quasi-neutral 
region. 

LINDHOW: When you say the Fletcher boundary condition, you mean the Fletcher 
Uasewa boundary condition as modified by Houser? 

W O R T E :  #o,  the Fletcher and Hasawa conditions are separate. They account 
for the same thing, but they require different information. The Fletcher 
boundary condition applies to the edges of the depletion region and thats 
what wo are using. 
region and the left-hand contact. 

The Uasawa uses the riqht-hand edge of the depletion 

i 
1 
I 

P 
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LINDHOLII: How do you define the edge of the depletion 
analysis? 

UWRTB: We calculate the depletion region for either 
abrupt case. 

. -. 

region in your numerical 

a graded case OF the 

L U D H O M :  You calculate it how? Depletion approximation? 

LA!!!ORTB: Yes. 

LIlYDHOLM: That won't work, I'm afraid, because gou probably need to make a 
correction because of the free electrons and holes in that region. We 
could discuss that privately. 
that goes into the model. 

That is probably an updating of the physics 

tAw)RTB: Well, that is updated. 

LINDHOLM: Oh, I see. You doo't use the depletion approximation to calculate 
the depletion thickness? 

tAlIORTB: We use it to get it started. 

LINDHOLH: Oh, I see, then you update. Okay. Then how do you define the edge 
Somehow you have to use of the depletion region once you get it updated? 

some criterion to define the edge of the depletion region. 

LM1oRTE: Then we use the depletion approximation. 

LINDHOISI: Okay, I don't understand the answer to that, but maybe we could 
diccuss that privately, unless you want to elaborate on it now. What I 
thought you said was, as your starting point to get the edge of what you 
call the depletion region, you would use the depletion approximation and 
then you would iterate up in, including the electron hole densities, in 
order to redefine the depletion approximation. 
criterion was after you did the updating. 

Then I asked you what the 

QUESTION: Haybe that's something the two of you could discuss. 

LINDHOLM: I have one last question. This is a very interesting idea to me. I 
have been sounding very negative; I'm sorry to sound negative. 
was looking at some small points. I don't do numerical analysis, but I'm 
somewhat familiar with what Hike did, and Gumel, and all these other 
people, and the only place I have ever seen this done previously, similar 
to this, is in a book by souie Russians. I wonder if this is the first 
time this method has been w e d ?  

I just 

LAHORTB: I have not seen it anyvhere else, and I k:ve spoken to about a dozen 
people who have done computer modeling in Qthct -.reas, other that, semi- 
conductors, as well, and they claim that they nave not seen it. And I 
have not seen it elsewhere. 

LINDHOLH: This Russian book is not quite numerical analysis, so I guess I 
haven't seen it either, but that's as close as I have :me to seeing it. 

! 
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It's very interesting. 

LAl¶ORTE: One of the things that this does for you, and what we showed in the 
avalanche photo diode - -  because you're reflecting a lot of the physics 
in the closed form solution -- whan you look at the convergence of the 
solution as a function of mesh points, you find that you do not need as 
many mesh points, for example, in the avalanche photo diode. We didn't 
need to go above 1s to 20 mesh points when we had a half-micrometer 
depletion width, and we went all the way up to 80 mesh points, and at 15 
to 20 we were within 1% of the asymptotic solution with 80 mesh points. 
I'm fully convinced that since you have a closed-form solution, which is 
a good approximation, the physical system, that it's forgiving in term.: 
of using a lesser number of mesh points. And so, therefore, that combined 
with the recursion formulas, the CPU time is reduced greatly. 

LIRIDHOLH: I was wondering if you could describe the output that you got from 
your model and do you have it  set up to give you graphs OC carrier dis- 
tributions and so forth? 

tAllORTB: No, we haven't done that yet. 
meaning that with one of your cells we got something like 38 milli- 
amperes, and it's about 20% too high,  so we have gotten it that far and 
we are still trying to debu8 and determine where that is. 
jast a simple matter that the lifetime we are using is too high. 

We almost have the model working, 

And it may be 

LfllDHOLH: So the code doesn't give y m  plots of carrier distributions and 
taings that help one see what's going on in the physics of the device. 

tMK)RTE: We get discrete points, for example, of carrier concentration, okay, 
at the mesh points, and we get it at two points actually, we got it at 
each of the mesh points and in between. But if you wanted to, by taking 
the relatiomhip that applies to that particular region of the cell in 
combination with the appropriate constants of integration, you could plot 
the entire thing on the continuum if you wished. 

f 
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1. INlRODUCTlON 

bie survey the  t h e o r e t i c a l  models now a v d i l a b l e  t h a t  cha rac te r i ze  h w i v i i y  
doped ( h i g h l y  conduct i ng) regions i n  s i  1 i c o n  and ana ly t  i t.21 and ncmeri c a l  
approaches t h a t  t ry  t o  d e t e m i n e  t h e  i n f l u e n c e  of such regions on t h e  
conversion e f f i c i e n c y  of s o l a r  c e l l s .  Heavi ly  doped regions arc: bounded by 
a d j o i n i n g  regions. As one example, a phys ica l  surfaccl bounds tne  f r o n t  
surface. This phys ica l  surface may cons is t  o f  a mix ture o f  ohmic-contact metal 
w i t h  e i t h e r  an a n t i - r e l e c t i o n  coa t ing  o r  w i t h  a thermal o r  deposi ted oxide. As 
another example the  ad jo in ing  surface may d s f i n e  a t r a n s i t i o n  between h e a v i l y  
dgped and more l i g h t l y  doped s i l i c o n .  The i n t e r p l a y  between t h e  h e a v i l y  doped 
and ad jo in ing  regions c o n s t i t u t e s  a key t o  designs f o r  improved performance. 
This  w i l l  rece ive a t t e n t i o n ,  as w i l l  t h e  mu l t i - d imens iona l i t y  o f  * s r i a b l e s  such 
as cu r ren t  and mob i l e -ca r r i e r  densi ty.  

Although d i l u t e l y  doped s i l i c o n  i s  w e l l  character ized except f o r  some 
disagreement about oGtica1 absorpt ion c o e f f i c i e n t s ,  what e x i s t s  now f o r  h e a v i l y  
doped s i l i c o n  dnd i t s  i n t e r p l a y  w i t h  a d j o i n i n g  res ions i s  an incomplete theory 
i n  which not  a l l  c o n t r i b u t e r s  t o  t ranspor t ,  recombination, generation, and 
t rapp ing  are defined. Fu r the r  t h e  parameters re1 a t i  ng t o  these mechanisms and 
t h e i r  values as determi ned by experiment a re  subject  t o  v a r i  oils 
i n t e r p r e t a t i o n s .  The presentat ion wi ' ;  bear i n  mind these u n c e r t a i n t i e s  and 
w i l l  t r e a t  t he  cha rac te r i za t i on  o f  h e a v i l y  doped s i l i c o n  not  as a theory but  
r a t h e r  as an imper fec t l y  a r t i c u l a t e d  and incompletely fonnal ized body o f  
experience. This view i s  intended t o  he lp p o i n t  t h e  way toward the  a t t a i m e n t  
o f  a more complete theory o f  heav i l y  doped s i l 'cor !  and thereby toward m r e  
informed designs o f  s o l a r  c e l l s .  Because computer programs c o n s t i t u t e  t o r '  
both f o r  design and f o r  es t ima t ing  performance l i m i t s ,  t he  review w i l l  in1 
some remarks p e r t i n e n t  t o  e x i s t i n g  and devel opi  ng programs. 

2, BASICS 

Highly  doped s i l i c o n  d i f f e r s  fundamental ly from s i l i c o n  o f  d i l u t e  d r y i n ?  
i n  several main respects. 

2.1 Quantum 

As the  concentrat ion o f  shal low i m p u r i t y  atoms increases, t h e i r  ground- 
s t a t e  o r b i t a l s  begin. t o  over lap (Fig. l ) ,  r e s u l t i n g  i n  a d i s t o r t e d  quantum 
dens i t y  o f  s ta tes  which inc ludes an i m p u r i t y  ban? (Fig. 2). From an 
experimental v iewpoint ,  one sees the r e s u l t i n g  me ta l - i nsu la to r  (o r  Mo t t )  
t r a n s i t i o n  occur ing f o r  common dopant species a t  about 10l8 cm-3 (F ig.  3). The 
t h e o r e t i c a l  i n t e r p r e t a t i o n  o f  Mott and Davies (1967) invo lves the  warped 
quantum densi ty  o f  s ta tes  shown i n  Fig. 4. 

A t  concentrat ions above about IO1' ~ m - ~ ,  t h e  abundance of m a j o r i t y  f r e e  
c a r r i e r s  arld the associ :.id screening y i e l d s  a quantmi dens i t y  o f  s ta tes  t h a t  
more c l o s e l y  approximates t h e  Gtondard dependence, ORs(  E )  = r ( k i n e t i c  

I 

' )  
I 

I 
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energy), which appl ies f o r  d i l u t e  concentrat ions o f  t h e  i m p u r i t y  atoms. 
Experimental e v i d e x e  supportinc, t h i s  conclus ion comes from e l e c t r o n i c  s p e c i f i c  
heat and o the r  observauions iKeyes 1970) and (Sh ib ib  and Lindholm 1980). 

The random compoIient o f  t h e  3tomic p a i e n t i a l  in t roduced by t h e  approximate 
random p o s i t i c n s  assumed by t h e  impur i t y  atoms i n  t h e  host l a t t i c e  r ,esul ts  i n  
band tz i !s ,  as L i f s h i t z  (1942) f i r s t  notes. A p o r t i o n  o f  these band t a i l s  
ccmprisrs bomd quantum s ta tes  where t rapp ing  o f  m e j o r i t y  and v i n o r i t y  c a r r i e r s  
can occur. 

Yacroscopic 1att;ce s t r z i n  introduced by a h igh  concentrat ion of i m p u r i t y  
atoms, and t h e  accompanying s t ru r , t u r - -  imperfect ions,  i n  p r i n c i p l e  can a l s o  
i n f l u e n c e  t h e  quantum densi ty  of s ta tL>,  m a i r l y  through changes i n  t h e  energy 
gap. 

Thus we conclude: ( a )  t h e  warped quantum d e r s i t y  o f  s ta tes  a t  t h e  lower 
end o f  t he  range o f  h igh doping concentrat ions may decidedly a f f e c t  dev ice 
pe-fotmance, p a r t i c u l a r l y  near the  edge o f  t h e  p/n j u n c t i o n  t r a n s i t i o n  reg ion 
dnd p a r t i c u - l a r l y  i f  the  device design emphasizes dvciidance o f  h igh i m p u r i t y  
concentrat ions,  as i n  recent c e l l  desigcs advanced by Green and Blakers, by 
Woli, by Sp i t ze r  and co-workers, by Rohatgi and by others '1; (b )  t h e  
prevalence o f  a near standard quantum densi ty  of s ta tes  fo r  concentrat ions > 
lo1' admits t reatment of the r n a j w i t y  c a r r i e r s  as a Fermi gas. and 
associated simple screening models enter ;  ( c )  tCle existence o f  bound s ta tes  
naar the m i n o r i t y - c a r r i e r  band edge may in t roduce t rapp ing  as an impor tcnt  
mechanism i f  many such s ta tes  e x i s t .  

These toncl t is ions receive a t t e n t i o n  i n  t h e  sect ions t h a t  f O l l O W .  

2.2 S ta t is t ics  

Elect rons (ii?d h r ! ? s )  are fermions. Thus t h e i r  d i s ' - r i b u t i o n  i n  energy i s  
described by Fermi c . . t t i s t i cs .  A t  low enjough c a r r i e r  concentrv t ions,  t h e  
F e n '  f u n c t i o n  tends toward a flaxwell-Boltzmann funct ion (Boltzmann 
s t a t i s i i c s ) .  Fermi s t a t i s t i -  contai, ,  Boltzmann s t a t i s t i c s .  Thus the re  i s  no 
fundamental rcason t o  argur. t h e  issue whether Botlzmani o r  r 2 r m i  s t a t i s t i c s  
apply, as many workers hac? doe:. The answer i s  t h a t  Fer!ni s t a t i s t i c s  always 
apply. From a p r a c t i c a l  r iewpoint ,  however, some need e x i s t s  f o r  f u r t h e r  
considerat ion.  As one example, i f  past work has used Boltzmann s t a t i s t i c s ,  
c o r r e c t l y  o r  i n c o r r e c t l y ,  as a vehic'ie f o r  framing such experimental r e s u l t s  as 
energy-gap narrowing A E ~ ,  then one must take care i n  +-he i n t r o d u c t i o n  o f  Fermi 
s t a t i s t i c s  when using these resu l t s .  If raw data e x i s t ,  however, then one can 
use Fervi s t a t i s t i c s  t o  reframe the parameters of i n t e r e s t .  Such a parameter 
i s energy-gap narrowi ng and i t s  dependence on impur i t y  concent r a t i o n .  As 

~~~~ 

l)  See t h e  specia l  issue o f  che -- I E E E  Trarlsactioris E lec t ron  Devices, May 19S4. 
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another example, one may wish t o  avoid Fermi s t a t i s t i c s  t o  obta in  expressions 
that y i e l d  more eas i ly  t o  ana ly t i ca l  o r  numerical treatment. For numerical 
so lu t ion  o f  the f i n i t e - d i  f ference or  f in i te-element counterparts o f  the basic 
d i f f e r e n t i a l  equations, however, the a v a i l a b i l i t y  o f  a var ie ty  of  accurate 
approximations t o  the re la ted Fermi in tegra ls  (Blakemore 1982) apparently makes 
t h i s  unnecessary . 

As a fundamental point, one may renember tha t  Fermi s t a t i s t i c s  always 
describe electrons o r  holes. m i s  is not t r u e  for Boltznann s t a t i s t i c s  which 
introduce considerable e r ro r  if the major i t y -car r ie r  density > 10I8 ~ m ' ~ .  
Incorrect  temperature dependence o f  variables may be one resu l t  o f  misuse of 
Boltzrrtann s ta t i s t i cs .  We would not belabor t h i s  issue i f  i t  had been discussed 
less i n  the l i t e ra tu re .  

Fermi s t a t i s t i c s  also describe the occupancy i n  equi l ibr ium o f  bound 
states, such as those i n  band t a i l s .  But a d i f f i c u l t y  enters here because the  
Fermi s t a t i s t i c s  must be a l tered t o  contain the  degeneracy o f  the bound state. 
This degeneracy apparently i s  unknown f o r  band t 8 i l s .  ?,e same d i f f i c u l t y  
prevai ls,  of  course, if one uses Boltzmann s t a t i c t i c s .  

F ina l l y  we def ine e x p l i c i t l y  the term, Fermi gas, used i n  Sec. 2.1. The 
concentration of  such a gas i s  determined by the  i n teg ra l  o f  the product o f  the  
standard Fermi funct ion for  delocalized states and the standard qaantum densi ty  
o f  state, Q D S d ( k i n e t i c  energy). This in tegra l ,  the Fermi i n t zg r  11 t o  order 
one-half, w i l l  enter l a t e r  i n t o  models f o r  hEG through the screening length o f  
a Fermi gas. 

3. HIGH CONCENTRATIOWS 

By high concentrations o f  ;h?llow acceptor or  donor states we mean 

quantum density of  delocalized states of  hoth conduction and valence bands 
> 10 19 /cm 3 , ap;oximately. For ZJch concentrations, as suggested above, the  

obey 9 

where E' i s  the k i n e t i c  energy measured from the mob i l i t y  edge of  the band. 
For  developments tha t  follow, note tha t  an electron, o r  hole, a t  t h i s  band edge 
has only pc ten t ia l  energy, according t o  quantum theory. Thus the band edge 
correspotids t o  the energy reference f o r  k i n e t i c  energy. 

Thus the hole o r  e lect ron concentration i n  thermal equi l ibr ium i s  the 
in tegra l ,  from the hand edge t o  i n f i n i t y ,  of  the product o i  (3.1) and the  
standard Fermi-Dirac function. For the major i ty  ca r r i e rs  t h i s  in tegra l ,  the 
Fetmi in tegra l  of order one-half, describes a Fermi gas. Because the Fermi 
funct ion goes i n t o  a Boltzmann d i s t r i b u t i o n  f o r  low p a r t i c l e  concentrations, 
the Fermi gas becomes a Boltzmann gas fo r  the minor i ty  car r ie rs .  

375 



I U'r 
'! 

i 

3.1 Femi Level 

The Fenni leve l  F or Fermi po ten t ia l  of a Fermi gas fo l lows from standard 
expansions (Kubo, 1966, p. 231); the Fermi l eve l  shows only a s l i g h t  
temperature dependence, which fo r  terms up t o  the  order fl i s  

F(T)/F(T = OK) = 1 - ( ~ ~ / 1 2 ) c k T / F ( O ) ] ~  - ( ~ ~ / 8 0 ) [ k T / F ( 0 ) ] ~  + ... (3.1.1). 

The weakness o f  t h i s  temperature dependence w i l l  prove useful  i n  the discussion 
below concerning the energy sap, measured e l e c t r i c a l l y .  

3.2 Einstein Relation for Uajority Carriers 

r.: , 

For a position-dependent doping concentration, the pr inc ip les  o f  de ta i l ed  
balance requires oppositely d i rected m j o r i t y - c a r r i e r  d r i f t  and d i f f u s i o n  
currents, equal i n  magnitude, for thermal q u i  1 i brium. This requirement, 
together w i th  the pos i t i on  independence of F and w i th  the associat ion o f  a band 
edge with po ten t ia l  energy (discussed i n  regard t o  Eq. 3.1), establ ishes the  
slope of  the  major i t y -car r ie r  band edge and hence the  d r i f t  f i e l d  act ing on the  
major i t y  car r ie rs .  The energy-gap narrowing s G ( x )  then d2termines the d r i f t  
f i e l d  (or quas i - f ie ld )  act ing on the minor i ty  ca r r i e rs  (Fig. 5). I n  general, 
the major i t y -car r ie r  and minor i ty -car r ie r  f i e l d s  d i f f e r  i n  magnitude and may be 
opposite i n  sign. This has central  importance i n  the analysis o f  the 
performance o f  devices. 

Because o f  the balance, and for other reasons, the r a t i o  nf d i f f u s i v i t y  0 
t o  mob i l i t y  p i s  s ign i f i can t .  For  the Roltzmann gas o f  the minor i ty  car r ie rs ,  

DIP = kT/e (3.2.1) 

which i s  the standard Einste in  re la t i on  o f  1905. I f  t rapping inf luences the 
t ranspor t  cf minor i ty  car r ie rs ,  as l a t e r  we sha l l  suggest, the E ins te in  
r e l a t i o n  remains v a l i d  because trapping i s  spontaneous and random. 

For ma jor i t y  car r ie rs ,  the Einste in  r e l a t i o n  o f  the Fermi gas shows t h a t  0 
has a stronger dependence on p a r t i c l e  densi ty than does p. Lindholm (1984) has 
suggested tha t  t h i s  behavior or ig inates i n  the k i n e t i c  pressure dependence o f  a 
Fermi gas, the gradient o f  which i s  re la ted  t o  the grad iz r t  of the chemical 
po ten t is l  and hence t o  d i f fus ion .  For T = 300K, the G?pdence i s  shown i n  
Fig. 
der i  
simp 

3.3 

equ i 

6, f i r s t  p lo t ted  by Lindholm and Ayers (1968). Landsberg (1952) f i r s t  
ed the D/p r e l a t i o n  for a Fermi gas as a r a t i o  of Fermi in tegra ls ,  a 
e yet  accurate approximation o f  which i s  due t o  Kroemer (1978). 

NP Product if there i s  no Energy Gap N b d q  

The hole concentration product w i th  the e lect ron concentration for thermal 
i b r i  um enters semiconductor device physics because exc i ta t ions  may o f ten  

be assumed t o  provoke a small per turbat ion (quasi-equi l ibr ium) o f  the 
equi l ibr ium condi t ion.  Thus use o f  the PN product I n  equi l ibr ium o f ten  y i e l d s  
a pre-exponential constant mu l t i p l y ing  a term of  the form, exp[V/(kT/e)] - 1. 

i 

i 
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F o r  a Roltzmann gas, 

PN = nT(T), (equi l ibr ium) (3.3.1) 

which i s  o f ten  ca l led  the law 3f t action. For a Fermi gas, the PN product 
f a l l s  w i th  increasing major i t y  coI p ie r  density. Kleppinger (1970) f i r s t  
p lo t ted  t h i s  dependence (Fig. 7 ) .  Because 

1 

one might th ink  tha t  Fig. 7 impl ied an increase i n  energy gap as the major i t y  
c a r r i e r  concentration increases. But the const ruct ion o f  Fig. 7 assumed 
independence of the energy gap on major i ty  c a r r i e r  concentration. Thus the 
resu l t  shown derives only from use o f  Fermi ra ther  than the more f a m i l i a r  
80 1 t zma nn s t a t  i s t  i cs . 

Many previous workers have in te rpre ted  experimental resu l t s  using 
Boltzmann s t a t i s t i c s  t o  deduce the c a r r i e r  concentration dependence o f  t he  
energy gap. Recause of the dependence shown i n  Fig. 7, when a Fermi gas i s  
used t o  describe major i ty  carr iers ,  la rger  energy-gap narrowing i s  i n fe r red  
f rm experimental data. This p a r t l y  explains the d i  screpancy between the 
resu:ts o f  Neugroschel, Pao, and Lindholm (1982) and those of  many other 
workers. A re la ted  elaborat ion appears below. 

3.4 Slope of  tbb i l i ty  Edge for  Uinority Carriers 

We have discussed t h i s  issue above i n  Sec. 3.2, r e l a t i n g  t o  the i nequa l i t y  
between the d r i f t  f i e l d s  act ing on the major i t y  and the minor i ty  car r ie rs .  For 
a d i f fused junct ion,  for example, a huge d r i f t  f i e l d  acts on the major i t y  
carr iers .  I f  t h i s  same f i e l d  were t o  act  on the  minor i ty  car r ie rs ,  those 
in jec ted  over the p/n junctior: b a r r i e r  i n t o  the quasineutral emit ter ,  o r  f r o n t  
layer,  would be so s ign i f i e r i t l y  d r i f t e d  back toward the junc t ion  t r a n s i t i o n  
region tha t  the p robab i l i t y  o f  reaching the surface would be l a w  (Lindholm, L i  
and Sah, 1975). Experimental evidence ind icates tha t  such minor i ty  ca r r i e rs  
reach the surface i n  great abundance where they vanish, i f  the f ront  surface 
recombination ve loc i t y  i s  high, without cont r ibu t ing  t o  current i n  the  external  
c i r c u i t  ( I l e s  and Sockloff, 19751, (Fossum, Lindholm and Shibib, 1979). The 
inequa l i t y  of  the major i t y -car r ie r  and m i  no r i t y - ca r r i e r  quasi f i e l d s  helps 
explain t h i s  resu l t .  

3.5 Energy Gap 

I f  we r e s t r i c t  consideration t o  donor or  acceptor impur i ty  atom 
concentrations high enough (Sec. 2.1) t ha t  a Fermi gas descr ip t ion becomes 
adequate, then an approximate model f o r  the  energy-gap narrowing AEG as a 
funct ion o f  ma jor i t y -car r ie r  concentration (n o r  p) emerges. The cent ra l  
parameter enter ing t h i s  model i s  the Debye or Thomas-Fermi screening length A, 
as f i r s t  suggested by Sah and co l laborators  (1981) and discussed systemat ica l ly  
by Landsberg, Neugroschel , L i  ndholm and Sah (1984) . 
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The model s t a r t s  from the v i e w  tha t  the h igh ly  doped semiconductor is ,  t o  
some extent, a neutral  d i e l e c t r i c  cont inurn i n  which pos i t i ve  and n e g ~ t i v e  
p a r t i c l e s  are smeared out over macroscopic volume. This illode1 continuum 
consists i m p l i c i t l y  o f  p a r t i c l e s  i n  complicated and corre la ted motions, the  
co r re la t i on  corning from the forces among the  par t i c les .  The corre la ted motions 
of the actual many body problems incorporate the  long-range par t  o f  the Coulomb 
forces between the  electrons (assuming f o r  concreteness n+ s i l i c o n )  and between 
than and other charges, both those f i xed  i n  the l a t t i c e  ( ions)  and those t h a t  
are mobile. The most s i g n i f i c a n t  forces are short-range which one can view 3s 
forces a l te red  by screening o f  the many electrons. These forces one can 
characterize, w i th  no addi t ional  approximation involved, as a screened 
potent ia l ,  the r e l a t i o n  oeing the equa l i t y  betwrien the gradient o f  the scalar 
po te i i t ia l  and the vector force f i e ld .  The in t roduc t ion  o f  the screened 
po ten t ia l  s imp l i f i es  discussion, as w i l l  bE seen. 

We t r e a t  the screening length for  t h i s  po ten t ia l  as a constant, which i s  
an approximation (Landsberg, et. al., 1984). Then we consider the creat ion o f  
an electron-hole pa i r ,  which a t  the f i r s t  i n s t a n i  are i n  a bound s t a t e  a t  
r = 0, t o  f i x  the reference pos i t ion.  Then we imagine the hole t o  remain 
trapped and the e lect ron t o  be removed t o  i n f i n i t y  against the screened Coulomb 
a t t rac t ion .  The t o t a l  energy t o  create the pa i r ,  and t o  separate it, i s  
(Fig. 9) 

ENERGY z W + (e2/ca)exp(-Aa) (3.5.1) 

where W i s  the energy required t o  create the p a i r  i n  the bound ''3te and the  
second term on the r i g h t  side i s  the energy required t o  separate the pai r .  The 
sum o f  these two energies then y ie lds  a created free elec+.ron and free hole. 
Thus t h i s  sum i s  the energy gap,which depends on n and p n i g h  the screening 
length A .  The consequent energy gap narrowing, ENERGY(O,O) - ENERGY(n,p), 
i l l u s t r a t e d  i n  Fig. 9, depends only on h(n,p) because subtract ion cancels W and 
the  cu t -o f f  distance a (Landsberg et .  al., 1984), which are regarded as 
concentration independent. The energy W i s  concentration independent because 
the  model employed a t t r i bu tes  energy-gab narrowing only t o  c a r r i e r  screening. 

The question remaiw as t o  the choice o f  A, a parameter tha t  ecters many 
par t  of  physics (Landsberg, 1981). Using Debye or  Thomas-Fermi screeni ng gives 
the same resu l t  i n  the l i m i t  o f  extreme degeneracy. The resu l t ,  kdhich i n  cgs 
u n i t s  i s  

2 AFT = e A / €  , (3.5.2) 

i s  a funct ion of  the e f fec t i ve  mass o f  the major i t y  car r ie rs ,  E, and n fo r  nt 
s i l i con .  I f  one assumes equa l i t y  between the e f f e c t i v e  mass and the res t  mass, 
E = 11.7, one obtains 

20 6 = 215 ( 1 C  /n) mV . *€G (3.5.3) 
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This energy-gap narrowing exceeds tha t  o f  Lanyon and Tuf t  (1979) who 
adoptea a d i f f e ren t  screening model and used a d i f f e r e n t  physical p i c t u r e  
fo l low ing  the suggestion o f  Hauser (1969). The d i f ference i s  a fac to r  o f  1.33. 

We note the pred ic t ion  o f  an energy-gap narrowing o f  215 eV for  a c a r r i e r  
concent r a t i o n  o f  1020/~,3. 

For a general value o f  n, and f o r  a parabol ic band (SCC. 2.1), the  energy 
gap becomes 

(3.5.4) 

where I i s  the Fermi i n teg ra l  o f  order one-half and y i s  the k i n e t i c  energy o f  
the electrons normalized by kT. I f  both holes and electrons are numerous, one 
need only add a s im i la r  Fermi i n teg ra l  f o r  the  holes m u l t i p l i e d  by the  
e f fec t i ve  densi ty of states for  the valence band. 

This l a s t  formula we sha l l  adopt f o r  compari5on w i th  experiment. Though 
it applies for  a l l  leve ls  of  concentrations, we shal l  reca l l  our previous 
discussions (pa r t i cu la r l y  t ha t  of Sec. 2.2) emphasizing the inappropriateness 
o f  the assumed parabolic bands tha t  under l ie  the o r i g i n  o f  the Fermi i n teg ra l s  
o f  Order one ha l f .  Moreover, because of  physics re la ted  t o  the c u t o f f  d istance 
a i n  (5.3.1) the expression holds wi th  good accuracy only f o r  concentrations 

If we now compare w i th  experiment (Fig. 10) obtained by e l e c t r i c a l  
measurements, we note the excel lent  f i t  o f  t h i s  theory w i th  tne values obtained 
f o r  Si:As by Neugroschel, Pao, and Lindholm (1982), ( f u l l  c i r c l e s ) ,  and f o r  
S i : B  !Y Landsberg, Neugroschel, Pao, Lindholm and Sah (1984) (f311 t r i ang les )  
by ' 2 .ame met.hod. We note tha t  the agreement i s  good only for  ma jo r i t y  
c a r r i e r  concentration > 5 x 1019/ci~3, as expected from the discussions of  Sec. 
2.1 and elsewhere above. I n  construct ing Fig. 10, we have assumed for the  
experimental resu l ts  i n  f u l l  c i r c l e s  and t r i ang les  an e f f e c t i v e  mass o f  
e lectrons and holes tha t  i s  a fac to r  of 1.1 la rger  than the e lect ron r e s t  
mass. The e f fec t i ve  masses have uncertain values f o r  h igh ly  doped s i l i con ,  
though thc ?ssumption j u s t  stated agrees wi th  the values usual ly advanced f o r  
the  C'"ctive e lect ron mass of d i l u t e l y  doped s i l i c o n .  I n  regard t o  most o f  
thF r e s t  o f  the measurements o f  energy-gap narrowing i n  the l i t e r a t u r e ,  some o f  
.-i:h are shown i n  Fig. 10 wi thout e x p l i c i t  i d e n t i f i c a t i o n ,  Boltzmann 
s t a t i s t i c s  were used. We have recalculated these data so as t o  a l low a f a i r  
comparison. 

up t o  5 x 10 20 /cm 3 (Landsberg, e t  a1 . , 1984). 

The agreement between the model above and the various experiments 
approachc the agreement between d i f f e r e n t  experiments. The agreement tends t o  
be be+,er f o r  la rger  concentrations, as expected (Sec. 2.1). 

The experimental resu l t s  o f  workers otber than those mentioned are smaller 
than ours c i t e d  above. Apparently several reasons e x i s t  f o r  t h i s  
disagreement. I n  some o f  the work o f  others, the impur i ty  concentrat ion was o r  
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may have been markedly dependent on posi t ion.  Thus enters the e f f e c t  o f  the 
quas i - f ie ld  on the minor i ty  ca r r i e rs  (Sec. 3.4); moreover these workers used 
sume spat ia l  average o f  the impur i ty  Concentration. Another s i g n i f i c a n t  
di f ference between t ' e  work referenced above and tha t  o f  others involves 
assumptions about the mi  no r i  t y  c a r r i e r  mobi 1 i t y  p. The energy-gap narrowi ng 
from e l e c t r i c a l  measurements p ic tu red  i n  Fig. 10 comes f1.m the minor i ty -  
c a r r i e r  current, which depends on the pr@duct pE?Xp(AEG/kT). Other workers have 
assui. Sd an equal i ty  between the minor i ty  car r 'e r  and major i t y  c a r r i e r  mob i l i t y ,  
which has the cowenience tha t  the Ina jor . ty  c a r r i e r  mob i l i t y  i s  perhaps 
adequately known from conventional measurerents. I n  contrast, i n  the work 
c i t e d  above, we assumed only a near temperature independence of p and A E ~  i n  3 
small range o f  temperatures near 300 K. This leads t o  evidence t h a t  p i s  about 
one order o f  magnitude smaller than the major i t y  c a r r i e r  mob i l i t y  f o r  
concentrations o f  about lOZ0/cm3 i n  S i  :As (Neugroschel and Lindholm, 1983). 
This contr ibutes t o  the d i f ferences noted. Controversy about these issues 
exists,  as evidencxi by the communi cations exchanged between del  A1 amo and 
Swanson (1984) and Neugroschel and Lindholm (1984). 

Figure 11 compares OUF model predic t ions (Eq. 5.3.4) with the cecent 5 K 
photoluminescence and photolumi nescence exc i ta t i on  data o f  Wagner (1984). A t  5 
K and for these doping concentrations, the ef fect ive masses for holes and 
electrons are unknown. Thus we introduce the noncommital symbol m*/m f o r  the 
e f fec t i ve  mass r a t i o  wi th the e lect ron res t  mass. Fo r  i n t r i n s i c  s i l i c o n  a t  
5 K,  the r a t i o  i s  about 1.36 (e lect rons)  and 0.59 (holes). Using the  
temperature dependence i m p l i c i t  i n  our model above, we f i n d  tha t  best agreement 
w i th  Wagner's data occurs f o r  m*/m = 0.45 ( f i g .  11). 

3.6 Minority-Carrier Diffusivity and Mobility 

Exp lo i t ing  temperature dependencies, Neugroschel and Lindholm (1983) have 
presented evidence, as noted above, f o r  a much lower m i  no r i  t y - c a r r i e r  mobi 1 i t y  
and d i f f u s i v i t y  than tha t  assumed previously. The obtained these resu l t s  f o r  

Fermi i n teg ra l  o f  order one-half was assumed t o  describe the ma jc r i t y  
electrons. This f i xes  the e lect ron quasi-Fermi leve l  approximately 100 m e V  i n  
the conduction band above the band edge. I n  a simple p9ysical p i c tu re  advanced 
t o  expla in  these resul ts,  Neugroschel and Lindholm supposed the trapping o f  
minor i ty  ca r r i e rs  a t  the bound states o f  band t a i l s  (o r  a t  acceptor states i n  
the compensated n* s i l i c o n ) .  Holes whi le  trapped do not cont r ibute t o  current 
o f  the hole Boltzmann gas. Thus f o r  t h i s  mechanism t o  enter s i g n i f i c a n t l y ,  the  
charac ter is t i c  t i m e  f o r  thermal emission of a hole f rom a shallow bound s ta te  
must be of  the same order as the scat ter ing time of holes w i th in  the valence 
band. Although band t a i l s  appear near both conduction and valence-band edges, 
t rapping o f  the major i ty  electrons i s  a neg l i g ib le  mechanizm because the 
electrons cont r ibu t ing  t o  curent i i e  near the Fermi leve l ,  about 100 m e V  away 
from the nearest band t a i l  s tate.  An i l l u s t r a t i o n  o f  the per t inent  hole 
t rapping appears i n  Fig. 12. 

Si:As having a doping concentration of  about 10 24 /cm 3 , f o r  which a customary 
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3.7 Trapping Model 

To explore t h i s  mechanism from a theore t ica l  viewpoint, i t  i s  useful t o  
generalize the Bcltzmann equation t o  include band-bound t rans i t ions .  This 
general izat ion,  discussed, f o r  example, by Smith, Janak, and Adler (1967) and 
worked out i n  d e t a i l  by Sah and Lindholm (1973), involves approximating the  
c o l l i s i o n  in tegra l ,  f o r  small departures from equi l ibr ium, by the sum o f  two  
terms o f  the form, ( f  - fo ) / r ( re laxa t ion) .  This f i r s t  term i s  the customary 
re laxa t ion  time approximation f o r  the nonequil ibrium d i s t r i b u t i o n  funct ion f i n  
which z(scat ter ing)  = z(re1axation) i s  the sca t te r ing  time tha t  characterizes 
intraband t rans i t ions .  I n  the second term, z( t rapping) instead dppears, which 
characterizes the mean trapping t ime o f  holes for  loca l i zed  states near the  
valence-band edge. Thus a(trapping) enters i n t o  the descr ip t ion o f  the hole 
current and o f  p(holes), as described by Sah and Lindholm (1973). I n  
p r inc ip le ,  t h i s  enables de ta i led  invest igat ions of  the t rapping model and o f  
the bound states o f  the minor i ty -car r ie r  band t a i l s .  

3.7 Other Paraneters 

Besides the funct ional  dependencies of  the energy-gap narrowing and tho 
minor i ty -car r ie r  mob i l i t i es  and d i f f u s i v i t i e s ,  emphasized i n  the preceding 
discussions, other parameters important for so la r -ce l l  analysis and design 
remain uncertain f o r  s i l i c o n  having docor o r  acceptor a tom concentrations i n  
the  inoderately high and high ranges. We po in t  t o  the absorption c o e f f i c i e n t  
a(A), which has importance not only for  the obvious reason o f  de ta i led  
ca lcu la t ion  o f  photogeneration i n  the emi t ter  o r  f ron t  layer. It also has 
importance i n  schemes f o r  measuring other parameters. We have not touched on 
the  l i f e t i m e  i n  the volume of the heavi ly  doped emi t te r  and have refer red only 
tangent ia l l y  t o  the f ron t  surface recombination ve loc i ty .  This i s  i n ten t i ona l ,  
based on the assumption tha t  other authors i n  the JPL Research Forum w i l l  focus 
on parameters r e l a t i n g  t o  these mechanisms. I n  an extensive recent review o f  
e l e c t r i c a l  current and c a r r i e r  density i n  degenerate semiconductors, Marshak 
and van V l i e t  (1984) have emphasized the need f o r  be t te r  knowledge o f  such 
parameters as the e f fec t i ve  masses, d i e l e c t r i c  p e r m i t t i v i t y  E, and e lect ron 
a f f i n i t y  X. We agree with t h e i r  assessment, and re fe r  the reader t o  t h e i r  
paper f o r  de ta i l s .  

4. HIDERATE CO#CENTRATIONS 

For impul-ity concentrations approximately - 10 18 /cm3, the metal - insu la to r  

ies  tha t  the major i t y -car r ie r  quantum densi ty o f  states w i l l  
from the standard dependence. This occurs p a r t l y  because of  the 
mpuri t y  bands, according t o  the theory tha t  i nterprets  t h i s  

t r a n s i t i o n  imp 
d i f f e r  sharply 
existence o f  
t rans i t i on .  

Thus many 
1 ess precise. 

aspects o f  the physical e lect ron ics become more d i f f i c u l t  and 
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4.1 Fermi Level Saturation and Consequences 

The severe warping o f  the quantum densi ty o f  states from the rigid-band 
model (parabol ic band) resu l t s  i n  f a r  less penetrat ion of  the Fermi leve l  i n t o  
the major i ty  c a r r i e r  band as the doping concentrat ion increases. Indeed f o r  a 
range of  doping concentrations one may an t i c ipa te  t h a t  the Fermi l eve l  near ly 
saturates. This leads t o  (a) a smaller energy-gap narrowing than 
in te rp re ta t i on  o f  data on emi t te r  recombination current  by the rigid-band model 
would imply, and (b) a stronger quas i - f ie ld  on the holes (minor i ty  c a r r i e r s )  
t h a t  d r i f t s  holes toward the surface. This i n  t u r n  y ie lds  a stronger 
dependence of emi t ter  recombination current (and open-circui t  voltage i f  
emi t te r  recombi nat ion current  (and open-c i rcu i t  voltage i f  ani t t e r  
recombination current i s  important i n  a c e l l  design on the f r o n t  surface 
recombination ve loc i ty ,  

Figure 13 i l l u s t r a t e s  resu l t  (b) f o r  a concentration of f ree  electrons 
decreases i n  the nt s i l i c o n  w i th  x frm i t s  value a t  the surface (x=O). 

4.2 Einstein Relation for the Majority Carriers 

I n  i t s  simplest der ivat ion,  the Einste in  r e l a t i o n  f o r  D / F  der ives from 
deta i led balance between d r i f t .  and d i f f u s i o n  tendencies i n  thermal 
equi l ibr ium. D i f f us ion  depends on the gradient o f  chemical po ten t ia l ,  which i s  
re la ted t o  the  k i n e t i c  pressure. The k i n e t i c  pressure of  a Fermi gas having a 
non-standard band d i f f e r s  considerably from tha t  f o r  a standard band. Thus so 
also does the Einste in  r e l a t i o n  d i f f e r  from tha t  p ic tured i n  Sec. 3.2. 

4.3 Einstein Relation for  the Minority Carriers 

The minor i ty  ca r r i e rs  are a Boltzmann gas, and the F ins te in  r a t i o  i s  
standard: D/p = kT/e. 

4.4 Unsolved Problems and Consequences for Computer Simulation 

These issues are t reated i n  Sec. 5.3. 

5. BASIC EQUATIONS FOR SIWLATIOW 

The basic equations f o r  analysis o r  f o r  computer s imulat ion fo l low from 
the foregoing discussion of  the physics f o r  h igh concentrations o f  Impur i t ies  
(Fermi gas f o r  major i ty  car r ie rs ) .  As the discussion has indicated, these 
equations invo lve approximations, especia l ly  f o r  such parameters as energy-gap 
narrowing and the minor i ty -car r ie r  d i f f u s i v i t y  and mob i l i t y .  The approximation 
hacomes more severe f o r  the moderate range o f  dopi ngs, between approximately 
1@18 t o  lo1' per cm3, where impur i ty  banding warps the quantum densi ty o f  
states f o r  ma jor i t y  ca r r i e rs  from i t s  standard dependence on energy. Thus the  
pos i t ion  o f  the Fermi leve l  and consequently the quasi f i e l d  f o r  the n a j o r i t y  
car r ie rs  and the temperature dependence o f  these var iables become more 
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:I uncertain than they are f o r  the higher range o f  doping concentration. The 
Einste in  r a t i o  fo r  the  major i t y  carr iers ,  the energy-gap narrowing, and other  
quantum and t ranspor t  paraemters also becomes less accurately known. 

5.1 Iqmrtance of lime Variations 

Although when i e l i v e r i n g  power a so la r  c e l l  operates i n  the  steady-state, 
t ime var ia t ions of :he c a r r i e r  concentrations, quasi-Fermi leve ls ,  po ten t ia l ,  
and p a r t i c l e  ciarrent s t i l l  have s ign i f icance f o r  several reasons. F i r s t ,  f o r  
example, many methods o f  measuring parameters such as l i f e t i m e  z invo lve e i t h e r  
a t rans ien t  o r  an exp( iwt)  var ia t ion.  As a second example, t rapping o f  
minor i ty  ca r r i e rs  a t  bound states i n  the band t a i l s  o r  a t  impur i ty  states i n  
compensated s i l i c o n  may play a r o l e  ir !  determining the m ino r i t y -ca r r i e r  
d i f f u s i v i t y  D and m o b i l i t y  p. As a t h i r d  example, inc lus ion  o f  the f u l l  set  o f  
t he  Maxwell equations among the basic equations, when combined w i th  
phenomenological parameters such as E, i n  p r i n c i p l e  y ie lds  r e f l e c t i o n  and 
transmission a t  the heavi ly  doped surface. 

5.2 Conventional Equations 

I n  the absence o f  the e f fec ts  ind icated i n  the  preceding sections tha t  
make the physical e lect ron ics o f  heavi ly  doped s i l i c o n  d i f f e r  from the physical  
e lect ron ics o f  d i l u t e  s i l i con ,  t h e  conventional equations are: 

an/at = div(j,/-e) - Rn + g(externa1) (5.2.1) 

ap /N  = div(j,/e) - R t g(externa1) (5.2.2) 
P 

j, = epnE + eDngrad(n) 

= -epNn grad(vN) 

j, = evpE - eDp grad(p) 

(5.2.3) 

(5.2.3a) 

(5.2.4) 

= -eppp grad(vp) (5.2.4a) 

div(D) = p (5.2.5) 

j = j, t j, + aD/a t  . 
( 5.2.5a) 

(5.2.6) 

! 

i 
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7. c -  

I f  recombination dominates, the removal rates, Rn and R become equal. For 
electrons and ha1 es from quasi neutral  reg1 ons, t h i s  equal i t y  defines the 
l i f e t i m e  2: (R + M/z ) .  

A seventh equation w i l l  describe, f o r  the steady state, some assumed model 
f o r  the recombination ra te  and hence the l i f e t i m e  z. Sah (1977) has expressed 
t h i s  equation i n  i t s  most general form t o  u n i f y  impact-Auger, Shockley-Read- 
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Ha l l  and other  mechanisms. For greater general i ty,  the k i n e t i c  r a t e  equatioq 
f o r  the t ime va r ia t i on  o f  p a r t i c l e  densi ty on t raps  (Sah 1971) sdpplements the 
equation o f  the steady s ta te  recombination rate. This then provides a 
qcan t i t a t i ve  character izat ion of the minor i ty  c a r r i e r  d i f f u s i v i t y  D and 
m o b i l i t y  p when the trapping r a t e  a t  bound states becomes comparable t o  the  
scat: 3 n g  r a t e  w i th in  the minor i ty  c a r r i e r  band (Sah and Lindholm, i973), as 
discussed ea r l i e r .  This equation, o r  equations, not given e x p l i c i t l y  here, i s  
numbered (5.2.7). 

To these seven equations are added a u x i l i a r y  re la t i ons  t o  enable cr a i d  
so l  u t  ion. 

d i v ( j  + aD/at) = 0 

E = -grad(V) 

E = D/E 

n/ni = exp(v' - vh) 

p/ni = exp(vb - v ' )  

d i f f u s i v i t y l m o b i l i t y  = kT/e 

(5.2.8) 

(5.2.9) 

(5.2.10) 

(5.2.11) 

(5.2.12) 

(5.2.13) 

Here the primes denote normal izat ion by the thermal voltage kT/e t o  y i e l d  a 
dimensionless variable. Eq. (5.2.8) assures the  pos i t i on  independence o f  t he  
t o t a l  current, which becomes the pos i t i on  independence o f  convection current j 
f o r  the steady s ta te  ana' j f f ( x )  i n  a one-dimensional model. This r e l a t i o n  
s i m p l i f i e s  analysis. Maxwell's other three equations are added, but not shown, 
f o r  reasons given d i r e c t l y  above. 

We a n i t  deta i lec discussion o f  the l i f e t i m e  T f o r  heavi ly doped s i l i con ,  
assuming tha t  other authors i n  t h i s  Research Forum w i l l  provide t h i s .  

5.2.1 Counting 

To assess the p o s s i b i l i t y  o f  solut ion,  we now count unknowns and 
equations. The f i r s t  two equations, (5.2.1) and (5.2.2), the con t inu i t y  
equations f o r  holes and electrons, introduce four unknowns: the e lect ron and 
hole densi t ies and current densi t ies.  The op t ica l  exc i ta t i on  determines the  
generation r a t e  through a r e l a t i o n  o f  the form, 

g(externa1) a lexp[-a( h)x]dh , (5.2.14) 

where the  constant o f  p ropor t i ona l i t y  depends 01: the f rac t ion  o f  the sun l igh t  
t ransmit ted past the surface i n t o  the volume o f  the solar c e l l .  For a given 
so la r - ce l l  design, g(externa1) i s  assumed known. 
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I f  we deal w i th  the current dens i t ies  as expressed i n  terms o f  d r i f t  and 
d i f f u s i o n  components, we introduce one more unknown: the  e l e c t r i c  f i e l d  E(x) = 
-grad[v(x)]. Assuming E i s  known i n  (5.2.10), (5.2.5a) then becomes Poisson's 
equation f o r  v(x), the f i f t h  equation i n  f i v e  unknowns. 

I f  we deal w i th  the e lect ron and hole currents expressed i n  terms o f  the  
gradient o f  t h e i r  quasi-Fermi potent ia ls ,  we have as unknowns, i n  the two 
current  densi ty an6 two con t inu i t y  equations, the  following: the holo and 
e lect ron densi t ies,  and the hole and e lect ron quasi-Fermi potent ia ls ,  and the  
hole and e lec t ron  current densi t ies.  This gives s i x  unknowns i n  four  
equations. But (5.2.11) and (5.2.12) introduce only  a s ing le add i t iona l  
unknown, v( x) , the e l e c t r i c  potent i a1 . Thus addi ng Poisson ' s equation, from 
combining (5.2.5a), (5.2.9) and (5.2.10), y i e l d s  i n  p r i n c i p l e  a solvable set o f  
equat. i ons . 

The equations are nonlinear. To i l l u s t r a t e  th is ,  note tha t  the product o f  
n and grad(-v(x)) appears i n  the equation for the e lect ron current density. 
But n and v are re la ted  through (5.2.5) when put i n  the form o f  Poisson's 
equation. Assuming ana ly t i c  functions, one can express t h i s  r e l a t i o n  by a 
Taylor s r i e  Thus the equation f o r  e lect ron densi ty involves a sum i n  which 
n , n ,  2 n5 ¶ n$* ¶ n5 ... appear. 

Because o f  nonl inear i ty ,  so lu t ion  o f  the basic equatiocs requires e i t h e r  
approximations f o r  special cases tha t  y i e l d  ana ly t i c  so lut ions o r  numerical 
so lu t ions o f  the  f in i te -d i f fe rence or f in i te-element counterparts o f  the basic 
equations. 

5.2.2 Renark an Quasi-Fend Poten t ia ls  o r  Levels 

.' i 

Solar c e l l s  must contain ohmic contacts t o  enable power de l ivery .  An 
ohmic contact i s  a union between m e t a l  and semiconductor t h a t  allows e l e c t r m s  
and holes t o  f l o w  f ree l y  betxeen the metal and the semiconductor. Hence, a t  
t he  contact, e lectrons and holes can nei ther  accumulate o r  become depleted, 
t h e i r  densi t ies stay a t  equi l ibr ium values (assumed known), and the hole and 
e lect ron quasi-Fermi leve ls  converge t o  the Fermi leve l  F. This impl ies tha t  
a t  an ohmic contact the merged quasi-Fermi l eve l s  i n  the  semiconductor j o i n  the  
Fermi leve l  i n  the metal wi thout d iscont inu i ty .  But the Fermi l eve l  a t  any 
po in t  i n  a metal i s  the e l e c t r i c  po ten t ia l  a t  t h a t  point .  Thus the po ten t i a l  
d i f fe rence between two ohmic contacts i n  a so la r  c e l l  o r  any semiconductor 
device equals the difference between the merged quasi-Fermi leve ls  i n  the  
semiconductor a t  the two contacts. 

As a resu l t ,  a po ten t ia l  d i f fe rence i n  an external  c i r c u i t  causes an equal 
po ten t ia l  d i f ference i n  the quasi-Fermi leve ls  a t  the two contacts. Hence use 
o f  t he  quasi-Fermi leve l  descr ip t ion o f  hole and e lect ron currents allows a 
simple in t roduc t ion  o f  the boundary condi t ions on e l e c t r i c  po ten t ia l .  The 
a l te rna te  descr ip t ion i n  terms o f  d r i f t  and d i f f u s i o n  components requires 
sa t i s fac t i on  o f  the boundary condi t ions on po ten t ia l  by se t t i ng  a l i n e  i n teg ra l  
o f  the e l e c t r i c  f i e l d  through the semiconductor equal t o  the po ten t i a l  
d i f ference appearing a t  the terminals. 
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Advantages thus apparently resu l t  for  numerical simulation. Moreover a 
preference for descr ip t ion  i n  terms o f  quasi-Fermi leve ls  enables a 
s t ra ight forward in t roduc t ion  o f  trapped p a r t i c l e s  a t  bound states i n  the  
forbidden gap. This i s  dorle by use of quasi-Fermi leve ls  (o r  occupancy 
p robab i i i t i es )  f o r  each of the bound states. If then one r e s t r j c t s  a t ten t i on  
f i r s t  t o  var ia t ions i n  the po ten t ia ls  a t  the terminals and hence t o  var ia t ions  
i n  the quasi-Fermi po ten t ia ls  wi th in the volume o f  the semiconductor device 
tha t  are much smaller than the thermal voltage kT/e, the set o f  basic equations 
become l inear .  To these l i n e a r  equations corresponds a e l e c t r i c  c i r c u i t  
representation. That c i r c u i t  representation of ten can be s imp l i f i ed  by using 
the  theory o f  e l e c t r i c  c i r c u i t s ;  for example, Y t o  A transformations can y i e l d  
s imp l i f i ca t ions .  Thus numerical so lu t ion  o f  the f i n i t e  di f ference equations 
becomes easier. To obta in  so lut ions t o  the nonl inear equations, one simply 
adds the consequences o f  successive small -s ignal  responses t o  po ten t ia ls  small 
r e l a t i v e  t o  kT/e. 

Sah has advanced and u t i l i z e d  computer algorithms re la ted t o  those j u s t  
described; f o r  example, see Sah (1971) and Sah, e t  a l .  (1981). 

5.3 Mdif ied Basic Equations 

We now consider the modif icat ions needed t o  include the phenomena occuring 
i n  h igh ly  doped s i l i c o n  t reated i n  the foregoing sections. The reader may 
r e f e r  t o  Sec. 5.2 on the conventional basic equations, which we now modify. 

The cont inu i ty  equations remain i n tac t ;  the3 serve the bookkeeping purpose 
o f  summing a l l  cont r ibutors  t o  changes i n  p a r t i c l e  densi ty with time. 

Because ca r r i e rs  a t  the mob i l i t y  edge have only po ten t ia l  energy, we see 
t h a t  the e l e c t r i c  f i e l d  E governing the d r i f t  component o f  the major i t y -car r ie r  
current becomes g r a d h o b i l i t y  edge/-el. This i s  the same r e l a t i o n  p reva i l i ng  
i n  the conventioanl equations except tha t  the mob i l i t y  edge has replaced the  
band edge. I f  we take n+ mater ia l  fo r  concreteness of discussion 

E -+ -gradCEC/ - e l  

where 

(5.3.1) 

grad[EC/-e] = grad(v) .t g r a d ( d  - e) (5.3.2) 

as i n  Sah and Lindholm (1977) and Marshak and van V l i e t  (1984). 

Typica l ly  major i ty  c a r r i e r  concentrat ims w i l l  be perturbed only  s l i g h t l y  
i n  nonequilibrium; t h a t  i s ,  the low- in ject ion condi t ion w i l l  p revai l .  Thus we 
an t i c ipa te  a near pos i t ion  independence o f  the major i t y -car r ie r  quasi-Fermi 
l eve l ,  and we an t ic ipa te  tha t  t ! te  energy separating t h i s  quasi-Fermi l eve l  from 
the mob i l i t y  edge f o r  the major i t y -car r ie r  band w i l l  remain as i n  equi l ibr ium, 
t o  a good approximation. Thus the l e f t  side 07 (5.3.2) w i l l  be determined; the  
r i g h t  side w i l l  become unimportant t o  the major i t y -car r ie r  d r i f t  component. 

, 
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Fcr a Femi  gas (parabol ic band), the d i f f us ion  component of the  major i t y  
ca r r i e rs  remains i n tac t ;  the O/p r a t i o  re f l ec ts  the Fermi s t a t i s t i c s ,  as 
discussed i n  Sec. 3.2. For a moderately doped region, we have empnasized the 
warping o f  the quantum densi ty o f  states, i n  accord wi th the meta l - insu lator  
t rans i t i on .  The d i f f u s i o n  current then depends on the  random force (Prigogine, 
1980) 0:- k f n e t i c  pressure appropriate t o  t h i s  quantum densi ty o f  states. To 
account for t h i s  the d i f f u s i o n  component of the major i t y  c a r r i e r  current, a 
term invo lv ing  a gradient i n  addi t ion t o  the gradient o f  n appears (Marshak and 
van V l i e t ,  1984). 

Ye note tha t  these complications concerning the  ma jo r i t y - ca r r i e r  d i f f u s i o n  
current vanish i f  one deals wi th  (5.2.3a) i n  which t h i s  c u r , w t  i s  simply the  
e lect ron conduct iv i ty  tirr,es the gradicnt  o f  the e lect ron quasf-Ferni. po ten t i a l  
( e l  ec t  rochemi cal  potent i a1 ) . The e l  ect  rochemi t a l  potent i  a1 i s a basi c 
thermodynamic var iable whose gradient i s  l i nea r  i n  the p a r t i c l e  w v r e n t  except 
f o r  large deviat ions from equi l ibr ium. The vanishing o f  f ' ?  comp:ications 
re fe r red  t o  i s  only apparent, however, because they w i  ?appear i n  the 
r e l a t i o n  between the quasi-Fermi leve ls  and the p a r t i c l e  dei. ' & s ,  as we sha': 
soon see. 

Equation (5.3.1), for  the major i ty  car r ie rs ,  re la tes  t o  the d r i f t  
component o f  hole current (minor i ty  current )  through 

grad[EV/-e] = grad[EG!-e] - grad[EC/-e] . (5.3.3) 

The product o f  t h i s  gradient ( l e f t  s ide) times the hole conduct iv i ty  determines 
the hole d r i f t  current (minor i ty -car r ie r  d r i f t  current )  i n  terms o f  the 
gradient o f  the major i t y -car r ie r  mob i l i t y  edge (known through Fq. (5.3.1)) and 
the energy gap dependence, assumed known through the model o f  Sec. 3.5 or 
through experimental determination. 

I f  we assume tha t  the band t a i l s  of the m ino r i t y -ca r r i e r  bard are mainly 
bound states, the hole (minor i ty -car r ie r )  clrrrent i s  the conventional sum o f  
d r i f t  and d i f f u s i o n  components, w i th  D/p = kT/e, f o r  a Boltzmann gas. 

Thus the conventional descr ip t ion for  the minor i ty -car r ie r  c w r e n t  
survives except tha t  the gradi ent of the quasi - f i e l d  , i nf 1 uenced by the 
gradient o f  the energy gap, replaces the conventional e l e c t r i c  f i e l d .  This 
replacement has key importance, as we have emphasized ea r l i e r .  But the 
surv iva l  o f  a simple descr ip t ion o f  the n * ino r i t y - ca r r i e r  current permits, f o r  
the quasi-neutral mi t t e r ,  many apyroxifiacions tha t  give simple re la t i ons  f o r  
the quasineutral emi t ter  recombinaclon current.  Examples !nclude the  
transparent-emitter model of Shibib, Lindholm, and Therez (1979) extended by 
del Alamo and Swanson (1984), the f i e ld - f ree  model introduced by Fossum, 
Lindholm, and Shibib (1979), etc. 
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5.3.1 W i f i c a t i o n s  for  Computer Solution 

Having j u s t  discussed a n l a y t i c  so lu t ions  f o r  the  qus ineutra l  regions, we 
now t u r n  a t t e n t i o n  again t o  contact-to-con+act computer s o l u t i o n  by f i n i t e -  
d i f f e r e n c e  o r  equiva lent  formulat ions of  t; daslc equations. 

Consider Poisson's equation, r e s u l t  i ng from combi n i  rag ( 5  .E .5a) w i t h  
(5.2.9) and (5.2.10). The key issue becomes the  r e l a t i o n  o f  p o t e n t i a l  v (x )  t c  
n(x)and p ( x )  i n  view o f  ( 5  3.2). Considerat ion t ' : a t  p an4 n are propor t iona l  
t o  i n t e g r a l s  o f  the  form, ~[QDS(E)] (probabi l i tyfE,QFL)ldE,  w i l l  show an 
asymmetry i n  the  expressions f o r  n and p not presenr: i n  t h e  standard r e l a t i o n s  
(5.2.11) and (5.2.12). This occurs because t h e  probcbi l i t ;  f t inc t ion  i n  t h e  
i n t e g r a l  W.i 11 be Fermi - D i  rac form f o r  e lect rons (major i  t.y c a r r i e r s )  and 
Boltzmann form for hole.., and because the  QDS may conta in  the  e f f e c t s  o f  
impur i ty  banding f o r  the  e lect rons but not  f o r  the  holes. I n  p r i n c i p l e ,  
knowledge o f  t h e  QDS f o r  both bands w i l l  permit  rep lac ing  the  standard r e l a t i o n  
bY 

n = A f[(E,/-e) - v,,,] (5.3.1.1) 

p = B f*[vp - (Ev / -e ) l  . (5.3.1.2) 

These are t h e  most general re la t ions .  If we assume t h a t  the  bandta i l  s ta tes  o f  
the m i n o r i t y  band are loca l i zed ,  f* becomes an expont ia l  func t ion  and B becomes 
t h e  standard densi ty  o f  s ta tes fo r  the  valence band, If, f o r  h i g h l y  doped 
semiccnductors, we assume impuri  ty-banding e f f e c t s  are n e g l i g i b l e ,  f becomes 

states f o r  the conduction band (we a l l o w  for a dev ia t ion  of the  2 f f e c t i v e  mass 
from i t s  standard vslue).  Otherwise f, ff, A, and B become determined by t n e  
i n t e g r a l  ind ica ted  above, and are known or,ly i f  QOS i s  known. 

t j e  Fermi i n t e g r a l  o f  order one-half and A becomes the standard densit;. o f  I 

To these two equations, we add w v e n  more t o  y i e l d  ten equations i n  t e n  
unknowns, s u i t a b l e  for f i n i t e - d i f f e r e n c e ,  contact- to-contact  computer s o l u t i o n :  

an/at = -div\j,/-e) - R{n,p) + g l e x t e r n a l )  (5.3.1.3) 

ap/at = -div(j,/e) - R(n,p) + g(externa1) (5.3.1.4) 

j, = -egnn grad(v,,,) (5.3.1.5) 

j, = -wP P gradb,) (5.3.1.6) 

(5.3.1.7) V v = -(e/E)[p - n + NDD - NAA t C t r i p p e d  p a r t i c l e s ]  

Ec - E, = EG , graa,Ec) - grad(Ev) = grad(EG) (5.3.1.8) 

2 

grad(Ec/-e) = gradv t grad(x/-e) (5.3.1.9) 

j = j, t j, + aD/at  , D = rE , E = -grad(v) . ( 5 ,, 3.1.10) 
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These equations are basic f o r  exact computer s imulat ion.  Apparently they 
have not  appeared as the  i d e n t i f i e d  bas ic  set  b e f w e ,  though Marshak and van 
V l  i e t  ( 1984) d i  scuss many re1 evant issues. 

The equations requ i re  knowledge o f  many FArameters such as energy-gap 
narrowing, m i n o r i t y - c a r r i e r  m o b i l i t y ,  and chargea bound states.  The l a s t  o f  
these w i l l  be most important near t h e  m e t a l l u r g i c a l  j u n c t i o n  f o r  low forward 
voltage. They r e q u i r e  a l so  knowledge of t h e  p o s i t i o n  dependence o f  t h e  
e l e c t r o n  a f f i n i t y  ~ ( x ) ,  which apparent ly has received l i t t l e  a t t e n t i o n ,  and o f  
the quantum densi ty  o f  s ta tes o f  t he  m a j o r i t y - c a r r i e r  band fo r  moderately h i g h  
concentrat ions (roughly - 1018/cm3) which has received most a t t e n t i o n  f o r  t h e  
metal-! nsul a to r  t r a n s i t i o n  a t  approximately 4K. 

Approximations simp1 i fy  t h e  basic equations fo r  t h e  quasi -neutra l  
emit ter .  Just  below (5.3.2) we noted t h a t  t he  gradient  o f  t h e  m a j o r i t y - c a r r i e r  
m o b i l i t y  edge i s  known, p a r t l y  because of t h e  p o s i t i o n  independence o f  t h e  
m a j o r i t y - c a r r i e r  quasi-Fermi l e v e l .  I n  t h e  quasi-neutral  emi t ter ,  low 
i n j e c t '  .n impl ies t h a t  t he  dependence of e l e c t r i c  p o t e n t i a l  v (x )  w i l l  remain t o  
a good approximation as i t  was i n  equalibrium. Thus Poisson's equat ion and t h e  
resu l t i r l g  ent ry  o f  y ( v )  can be ignored for  t h e  quasineutra l  emi t ter .  This 
s i m p l i f i e d  computer so lu t i on .  This adds emphasis, however, t o  a need f o r  
prec ise d e t e n i n a t i o n  o f  t h e  edge o f  t he  quasineutra l  emi t ter .  

6.  AREAL IWHOFIOGENEITY AND MJLTIDIMNSIONAL ROW 

Apparently a l l  d e t a i l e d  analyses o f  the h i g h l y  doped e m i t t e r  o f  s i l i c o n  
s o l a r  c e l l s  are based on a one-dimensional model. But t he  e m i t t e r  surface i n  
the best so la r  ce!ls w i l l  be a mix ture of ohmic-contact metal ( S  - l o 7  cm/s) 
anc Qf a surface passivated over perhaps 95% o f  t he  area by thermal oxides or  
other methods t h a t  reduce the  surface recombination v e l o c i t y  S t he re  t o  orders 
of magnitude below lo7 cm/s. 

A t  l e a s t  two cases of  relevance e x i s t .  I f  t h e  e m i t t e r  i s  doped i n  t h e  
moderately h igh doped range (-101'/cm3) t o  avoid t h t  so-ca l led degrading heavy- 
doping e f fec ts ,  then the  r e l a t i v e l y  long d i f f u s i o n  lengths i n  t h i s  reg ion w i l l  
lead t o  three-dimensiona? n i n o r i t y - c a r r i e r  flow. The ohmic contact  metal w i l l  
so reduce the  m i n o r i t y  c a r r i e r  densi ty  t h a t  l a r g e  m i n o r i t y - c a r r i e r  
concentrat ion yrafJients w i l l  e x i s t .  Even i f  t h e  desigrr includes an n//metal 
contact  system, p a r t l y  w i t h  the  motive o f  p rov id ing  an n/nt low/high j u n c t i o n  
t o  ward m i n o r i t y  c a r r i e r s  away from the  ohmic contact  wh i l e  p e r m i t t i n g  t h e  
m a j o r i t y  c a r r i e r s  t o  pass by the usual d i e l e c t r i c  r e l a x a t i o n  mechanism, t h i s  
w i l l  l i k e l y  not work. Because o f  energy gap narrowing on the  nt side, no 
s i g n i f i c a n t  b a r r i e r  i n  t h e  energy band can e x i s t  a t  t h e  n/nt j u n c t i o n  when t h e  
doping concentrat ion o f  t k e  n s ide i s  o f  the order o f  ld8/cm3.  Thus th ree  
dimensional f low enters, and t h e  open-c i r cu i t  vol tage decreases as a 
consequence . 
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I n  the  other case, the design includes n+ s i l i c o n  over the  great ma jor i t y  
of the emi t te r  volume. Then the d i f f u s i o n  length o f  minor i ty  c a r r i e r s  i n  the 
emi t te r  w i l l  be short  enough t o  admit estimates by neglect ing three- o r  two- 
dimensional flow. I n  the resu l t i ng  model, one-dimensional f low prevai ls .  But 
over the 59: o f  the area covered by the  ohmic contact the diode there w i l l  have 
a high reverse saturat ion current, resu l t i ng  from vanishing o f  minor i ty  
ca r r i e rs  a t  the  surface. Over the remaining 9% o f  the area, the reverse 
saturat ion current w i l l  be much smaller because of the low S over tha t  drea. 
Thus, i n  good designs i n  which the recombination current o f  the quasineutral 
base i s  small enough tha t  the emi t te r  enters s ign i f i ca r - t l y  i n t o  determining the  
open-circui t  voltage and the ef f ic iency,  the  importance o f  a r e l a t i v e l y  bad 
diode over 5% o f  the area becomes p o t e n t i a l l y  important. 

Lindholm, Mazer, Davis and Arreola (1980) have considered t h i s  issue 
quant i ta t i ve ly .  The resul t ,  f o r  t h e i r  type 1 areal  inhomogeneity per t inent  t o  
t h i s  discussion, i s  tha t  5% o f  ohmic contact metal j i v e s  performances tha t  
near ly approaches tha t  o f  a so lar  c e l l  for  which no thermal oxide i s  present t o  
passivate the f ron t  surface. This i s  not seen experimentally. Perhaps the 
reaons f o r  t h i s  l i e s  i n  the quas i - f ie lds  and i n  the low D and p t rea ted  i n  
e a r l i e r  sections. Thus the work of Lindholm, e t  a i .  (1980) needs updating t o  
help toward informed design. This updating w i l l  help decide whether decreasing 
ohmic contact area can lead t o  high e f f i c i enc ies  i n  already h igh ly  e f f i c i e n t  
s i l i c o n  so lar  ce l l s .  

Note that the issue here i s  not metal shading of the inc ident  l i g h t .  
Rather i t  i s  the f rac t i on  of the surface area tha t  i s  covered by ohmic contact. 

7. CONCLUSIONS AllD REUMEIBATIONS 

The main f ind ings  discussed here are: 
(a)  The quantum densi ty o f  states f o r  moderately doped s i1  i con  (approximately 

dependence on K ine t ic  energy. This can lead t o  pinning o f  the major i t y -car r ie r  
quasi-Fermi leve l  and produce thereby, for  a position-dependent impur i ty  
concentration, a quasi f i e l d  on the minor i ty  ca r r i e rs  tha t  d r i f t s  them toward 
the surface. The modeling o f  many per t inent  var iables i n  t h i s  moderate 
_I__ concentration range i s  incomplete, although other  workers, p a r t i c u l a r l y  
Slotboom and deGraaf (1975), have emphasized t h i s  doping range. The 
incompleteness resu l t s  from the model they and others have used, which combined 
Bolttmann s t a t i s t i c s  wi th  an i m p l i c i t  quadratic r e l a t i o n  between the quantum 
densi ty  o f  band states and the f ree-carr ier  k i n e t i c  energy. The m e t a l -  
insu la to r  t r a n s i t i o n  dramat ical ly i l l u s t r a t e s  the inadequacy o f  t h i s  quantum 
densi ty  o f  states f o r  moderate doping concentrations. As a po ten t ia l  benef i t ,  
note tha t  the long and cont inuing i n te res t  i n  the metal- insulator t rans i t i on ,  
both experimental and theoret ica l ,  provides clues f o r  the modeling c f  t h i s  
range o f  moderate doping concent r a t  i ans. 

i n  the range 5 x d 7  t o  10 19 /cm 3 , deviates sharply from the standard quadrat ic 

390 



c , P i  it- 

.; 
i 

i 
'1 

:i 

(b) For higher doping concentration, experimental evidence suggests the 
adequacy o f  descr ib ing the major i t y  ca r r i e rs  by a Fermi gas, t ha t  i s ,  by a 
Fermi i n teg ra l  o f  order one-half. This admits use of  a ma jor i t y -car r ie r  
screening model, which, though rmch less ambitious than the  many-particle 
computations tha t  have and are Merging, gives simple theore t ica l  dependencies 
o f  energy-gap narrowing on impur i ty  concentration and temperature. These 
dependencies agree favorably w i th  the experimental resu l t s  on enerspgap 
narrowing of several d i f f e ren t  groups o f  workers. Compared w i th  the many- 
p a r t i c l e  model, the carr ier-screening model has the v i r tues  o f  s i m p l i c i t y  and 
of y i e l d i n g  an ana ly t i c  expression. This carr ier-screening model i n  i t s  
e a r l i e s t  f c n  ((Sah, Chan, Wang, Sah, Yamakawa, and Lutwak) 1981) and i n  i t s  
more de ta i led  form (Landsberg, kugroschel ,  Lindholm, and Sah, 1984) d i f f e r s  
substant ively from e a r l i e r  carrier-scree!i ing models (Hauser, 1969), (Lanyon and 
Tuft, 1979). 

(c )  The randomness o f  the atomic po ten t ia l  contr ibuted by the assumed 
random pos i t ion ing  o f  the impur i ty  atoms leads t o  the formation o f  t a i l s  on 
both the conduction and valence bands. The cha rac te r i s t i c  t ime associated w i th  
t rapping a t  loca l i zed  states i n  the t a i l  ad jo in ing the minor i ty -car r ie r  band 
may involve 3 mechanism tha t  cont r ibutes t o  l o w  minor i ty -car r ie r  d i f f u s i v i t y  
and m o b i l i t y  o f  the Boltzmann gas descr ib ing the minor i ty  car r ie rs .  
Experimental evidence ex i s t s  t o  support t h i s  conclusion (Neugroschel and 
Lindholm, 19831, although contrary suggestions appear i n  the l i t e r a t u r e .  
Computer s imulat ion o f  so la r - ce l l  pet formance requires de ta i led  knowledge o f  
m ino r i t y -ca r r i e r  d i f f u s i v i t y  and mob i l i t y  j u s t  as much as i t  requires such 
knowledge o f  the energy-gap narrowing. Moreover, experimental i n te rp re ta t i on  
invo lv ing  e l e c t r i c a l  response a lso requires such knowledge. 

(d) The oo t ica l  absorption c o e f f i c i e n t  a ( h )  i n  moderately and h igh ly  
doped s i l i c o n  i s  h igh ly  uncertain; apparently i t  i s  also uncertain f o r  s i l i c o n  
having d i l u t e  doping concentrations. Because the absorption coe f f i en t  provides 
suggestions about the energy-momentum r e l a t i o n  o f  heavi ly  doped s i l i con ,  i t  has 
fundamental importance t o  the u n r w e l l i n g  c f  the  de ta i led  t ranspor t  and op t i ca l  
oropert ies o f  the mater ia l .  This gse we view as more s fgn i f i can t  than i s  the 
moderate need f o r  knowing a ( h )  f o r  de ta i led  computer s imulat ion o f  so la r -ce l l  
performance parameters. 

(e)  The resu l ts  of simple models f o r  a heavi ly  doped region containing 
ohmic contacts mixed w i th  thermal oxide suggests tha t  the one-dimensional model 
convent ional ly used may not accurately p red ic t  the performance parameters o f  
the emi t ter  region, p a r t i c u l a r l y  the open-circui t  voltage. Other sources o f  
areal inhomogeneity also ex is t ,  such as impur i ty  c lus te r ing  (.... 1984). 

( f )  The basic equations f o r  computer s imulat ion o f  so lar  c e l l s  conta in ing 
heavi ly  doped s i l i c o n  requi re inc lus ion  of a l l  of the ef fect* ;  described 
above. Present computer programs are based on equations tha t  f a l l  short  o f  the 
s tatus aimed f o r  by t h i s  recmwndat ion.  Continual updating i s  reeded as 
experiment and theory reveal-mare about the dependence o f  t ransport  and quantum 
parameters on doping concentration, chemical species, temperature, etc. The 
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most severe need ex i s t s  a t  the moderately high doping concentrations def ined - 
above. There the  conventional treatment as a Fermi o r  Boltzmann gas f a i l s .  

(9) I n  t h e i r  greatest general i ty,  the basic equations for the s imulat ion 
o f  solar-performance must include time var iat ions.  This need ar ises  
p a r t i c u l a r l y  because t ime var iz t ions  o f  response ex i s t  i n  many measurernetit., 
used t o  determine parameters. For greatest  general i ty,  one may add t k  
Maxwell's equations t o  the  customary cont i r iu i t y  and current equations. 
Maxwell's equations admit the  v iew o f  l i g h t  as a wave phentnntnon; when c@m;?inad 
w i th  the phenomenological mater ia l  paramaters normally int,.oduced, re f :  oc t ion  
and transmission resul ts .  (Absorption and the op t i ca l  ge-ieration r a t e  ir! ,-he 
con t inu i t y  equations involve, a t  leas t  fundamentally, the p a r t i c l e  model c '  
l i g h t  as inc ident  photons tha t  produce quantum t rans i t i ons  between the  bands or  
t o  bound states i n  the forbidden bands.) 

(h) The basic equations include a k i n e t i c  equation GC the t ime-rate 
change o f  occupancy a t  a bound s ta te  resu l t i ng  from t i a n s i t i o n s  from bar?; 
states. This k i n e t i c  equation, emphasized by Sah (1971), i s  absent i n  m s t  
formulations o f  the basic equations f o r  computer simulation. I t  enters 
markedly i n t o  such issues as the de ta i led  modeling o f  minor i ty -car r ie r  m o b i l i t y  
and d i f f u s i v i t y ,  discussed above. For the  steady s ta te  inc lus ion  o f  tt-ap 
occupancy i n  the Poisson equation i s  h igh ly  important near the meta l lu rg ica l  
p/n junct ion,  where the donor and acceptor dopant concentrations near ly cancel 
(Lindholm and Sah, 1977). It i s  important also for  work aiming toward nigh 
conversion e f f i c i ency  using r e l a t i v e l y  t h i n  and inexpensive s i l i con ,  such as 
t h a t  der iv ing from the WEB process. Most computer prLgrams neglect the  
t rapping mechndism, even i n  the steady state. The notable exception appears t o  
be the computer simulations o f  $ah and co-workers (1981). 

( i )  The recent work o f  Neugroschel and Lindholm (1983) on low m o b i l i t y  
and d i f f u s i v i t y  o f  minor i ty  ca r r i e rs  i n  Si:As of  doping coacentration aoout 
1020/cm3 suggests a novel method o f  protect ion from surface recombination a t  
both the f r o n t  and back surfaces. These a r i s e  from the p o s s i b i l i t y  of 
sigrri ;:cant gradients i n  minor i ty -car r ie r  D and p provoked by very h igh l y  doped 
s i l i c o n  (-1021/cm3 o r  above) i n  t h i n  layers (-500 8, o r  less) near the 
surfaces. The work now evolv ing i n  non -eq t i i l i b r im  growth fo l lowing rx imer 
laser  rad ia t ion  (and melt ing) may provide a method o f  seal ing the surfaces 
against minor i ty -car r ie -  loss. Tbis seal ing m i  h t  occur despi te the l a rge  
impact Auger recombinatiofi rates i n  such n+' o r  $+ s i l i con .  Experiment w i l l  
decide th is .  The isslre i s  the i n h i b i t i n g  o f  f l o w  by the gradients o f  D and p 
versus the opposing e f fec ts  o f  energy-gap narrowing and Auger recombination. 
As one aspect o f  the issue, we may expect t ha t  the Auger recombination, i f  
band-band, w i l l  have a ra te  tha t  i s  propor t ional  t o  n2 ( f o r  n-type mater ia l )  
whereas the gradients i n  minor i ty -car r ie r  0 and p may have s u f f i c i e n t  S+Vnz-!i 
t o  o f fse t  t h i s  n2 flererdencP >j i,nrdirly ininorit: ca r r i e rs  away from the volume 
of' the n++ region. We note tha t  nothing i s  known o f  the physical e lec t ron ics  
o f  n4+ o r  p+' s i l i con ,  as defined above. Essent ia l l y  no de ta i led  experimental 
data are avai lab le about the physical e lect roc ics,  and the model f o r  energy-gap 
narrowin? o f  Sec. 3.5 does not apply f o r  concentrations greater than about 5 x 
1020/cm3, according t o  Landsberg, e t  a1 . (1984). 
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( j )  From the discussion i n  Sec. 5.3.1, i t  fol lows t h a t  apparently the  
formulation o f  the basic equatiom f o r  f i n i t e - d i f f e r e n c t  computer so lut ions 
from contact t o  contact remains f a r  from complete. By t h i s  we mean t o  suggest 
tha t  apparently compater programs now devel oped cannot accomodate important 
aspects o f  heavi ly doped s i  1 icon tha t  physical theory and experimental studies 
have i d e n t i f i e d  and i n  the future may y i e l d  values o f  relevant pa ramtws .  
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' _  - .  . .  9. FI-E CAPTIONS 

Fig. 1 Overlapping impur i ty  s ta tes give r i s e  t o  

, 
. i  

Fig. 2 impur i ty  band i n  the energy gdp. 

Fig. 3 The r e s i s t i v i t y  p i n  52 cm a t  4.2K o f  S i :P  p lo t ted  as a funct ion of 
donor concent r a t  i on (A1 exander and Hol comb, 1968). 

Fig. 4 Density o f  states f o r  an e lec t ron  i n  an n-type semiconductor showing 
the s p l i t t i n g  o f  the impur i ty  band i n t o  t h e  €3 band (a), and the  
band (b) . (c)  i s  the conduction band. 

Fig. 5 I l l u s t r a t i n g  tha t  grad(Ev f grad(Ec) i n  the n+ emit ter .  The 
conduction- and valence-band edges, EC(x) and EV(x) , are m o b i l i t y  
edges, the boundaries between loca l i zed  and delocal ized states;  EG(x) 
i s  the mob i l i t y  gap where d isorder  exists.  

Fig. 6 The Einste in  d i f f us i v i t y - to -mob i l i t y  r a t i o  f o r  ma jor i t y  ca r r i e rs ,  
under the assumption of  a square root  dependence o f  the quantum 
densi ty o f  states on the major i t y  c a r r i e r  k i n e t i c  energy. 

Fig. 7 The equi l ibr ium product o f  the hole concentration P and the e lect ron 
concentration N normalized by the standard square of the i n t r i n s i c  
concentration as a funct ion of  the reduced Fermi leve l ,  under the 
const ra in ts  of  no energy gap narrowing and a square root  dependence o f  
the  quantum densi ty of  states on the major i t y  c a r r i e r  k i n e t i c  energy. 
The increasing values on the abscissa correspond t o  increasing dopant 
ioncent ra t ion.  

Fig. 8 Not present i n  manuscript (because o f  oversight) .  

Fig. 9 Schematic diagram showing the decomposition o f  the band-gap energy 
i n t o  W and the work done against a t t rac t ion .  More ca r r i e rs  are 
assumed present f o r  zurve 1 than f o r  curve 2. 

Fig. 10 Gap shrinkage AEG as in fe r red  from transpor t  measurements f o r  n-type 
layers from various sources a t  a mean temperature o f  - 340 K. The 
upper curve i s  f o r  m*/m = 1.45, the lower curve i s  fo r  m*/m = 1.10, 
and E = 11.7 (S i )  has also been used. The hor izonta l  axis i s  the  
ma j o r i  t y  c a r r i  e r  concent ra t ion.  

Fig. 11 Comparision wi th  recent op t ica l  data a t  5 K. 

Fig. 12 Q u a l i t a t i v e  i l l u s t r a t i o n  o f  the band edges o f  heavil:. doped 
n+-si l icon. The broken l i n e s  s h w  the unperturbed parabol ic bands. 
The pos i t ions o f  both the e lect ron and hole quasi-Fermi leve ls  i s  a lso 
indicarcd. The arrows near EV i nd ica te  hole capture and emission by 
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t he  t a i l  states and by the  acceptor leve l  from the p-type substrates. 
The penegration o f  the t a i l  s ta tes i n t o  the forbidder, gap i s  assumed 
t o  be very small i n  comparison w i th  the bandgap EG = EC - E". 

Fig. 13 The band edges f o r  the n+ s i l i c o n  i n  which the donor Copant 
concentration decreases sharply w i th  x (x  = 0 i s  the surface!. - . -, 
band edges corresponding t o  the r i g i d  band model (these 11 i u z t r - t e  a 
deep penetrat ion o f  the Fermi leve l  and a modest force f i e l d  (near ly 
zero) act ing on the holes); .-, band edges corresponding t o  a 
ma jo r i t y  c a r r i e r  quantum densi ty o f  s ta tes warped r e l a t i v e  t o  t h a t  o f  
the r i g i d  band model (these i l l u s t r a t e  Fermi leve l  - a t w a t i o n  and a 
consequent strong force f i e l d  d r i f t i n g  holes toward the surface). 
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DISCUSSION 

QUESTION: Fred, 1 just have a couple of simple questions. You talk about the 
definition o f  the ohmic contact. Have we seen any r.ch ohmic contacts? 

LINDHOLM: Yes, I think in Martin Green's cell contact, the tunneling junction 
has a hetrojunction such that there is a blocking barrier for the holes 
in the end-type material, yet the electrons tunneA freely into the con- 
duction band of the metal. 
I might just mention a verg good book on contacts, which is called 
Photoconductivity and Allied Problems, by Albert Rose, is very good, 
because it is so thin. I think we should think a lot about contacts. 

That would bs one example. Another place -- 

QUESTIOU: Some 30 years ago, when the effort was solvin!$ the junction equa- 
tions, I worked with a mathematical physicist named Paul Wise. 
op-don, unshakably, was that the quasi-Fermi level was a mathematical 
artifact. In other words, if your carrier concentrations were constant 
then you could say, yes, quasi-Fermi level was constant; if they weren't, 
they weren't. 
there, he insisted that you just can't use it. I haven't followed the 
literature since then. I'm wondering if he is wrong? 

His 

Rather than give a physical significance and work from 

LINDHOLM: Yes, he is completely wrong. The electrochemical potentials are 
basic thermodynamic variables. 
in a heavy-doping wrkshop some time ago, and I remember his answer. 
electric potential we all know about; if hub look in any book on the 
theory of heat or thermodynamics you'll find the chemical potential. 
it's the algebraic sum of the two. So there's no problem, except with 
your friend. 
and it is true that the lineartty between the current and the gradient 
and the quasi-Fermi level will not work if you have extraordinary varia-- 
tions in the quasi-Fermi level, but that's not surprising, because 
linearity -- as we know - -  only applies for small perturbations, anyway. 
On the other hand, small perturbations can be very large currents of the 
sort we get with 1,000 suns with no problem at all. 

This question was asked of Peter Landsberg 
The 

And 

Oldwig (von U O O P ~  said only in local thermal equilibrium, 

SCHMIDT: You still believe in the rigid band approximation? 

LINDHOM: Wo, I don't. Only for doping concentrations above, say, 5 x 1019 
to 1020 it is pretty good. 
carriec bands would be important there, even for the high dopine 
concentrations. 

Except the band edges on the minority 

SCHMIDT: You mentioned a variable electron affinity and if it affects the 
forces actins on carriers. Now the electron affinity is very l!ctle 
known, so that's a problem. However, I found some time ago that if you 
have low-level injection conditions and you have a variable chemical 
composition or doping or other facts, then the force on minority carrier 
is strictly the gradient of the band gap. Plus, of course, the potential 
force. 
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LINDHOLW: That is absolutely correct. 

SCHLIIDT: So there is no inflsence of the electron affinity? 

LINDHOW: Thls zhsolttely true in low injectio3, and other w-rkers have 
found that also a*: have publiehed it. However, the low injection implies 
that you have a minority carriar, and that implies that you are in a 
quasi-neutral region. 
get into what people call a depletion rogion -- which I don't like to 
call it, I like to call it junction-transition region or space-charge 
region -- thee if the gradiett in the electron affinity is present, then 
it will introduce an effect. I can discuss that with you with this very 
simple picture. 

So when you 99.t out of a quasi-neutral region and 

You probably know that anyway. 

SCHMIDT: With this background, I like the way  yo^ deduced your points and you 
came to some conclu.Tions. And just to make a test of it, my question is: 
do you question the present ideas about tha Auger recombination corre- 
lated with ,he concentrations of certaiir dopants? Because, for e practi- 
cal person, this is an 6rtremely important thing. We had not been sure 
up to now: the correlations that you often had seen, up to the preseat 
time, of carrier concentrations or doping concentrations and the boundary 
of Auger recmbination seem to bc, let's call it, rigid. Do ~rou think, 
from your point of view now, that that can be questioned? 

LINDHOLCl: Yss. I'm heavily opinionatod on this issue also. 1y o p l c i a n  is 
that the Auger coefficients are open to question. 
single eiperiment done at r&ther high dopiag conceatration, and soae of 
these other things I have talked about could inflrence these things. I 
would say on a theoretical level that the primary person who 5as worked 
on the thaorj- of those huger combinations is Peter Landsberg. 
physics is impeccable, but it involves many, many approttmalions. So he 
can only give us an estimate. So we will have tq find the rasults from 
experiment, and I think it's an open question. ciaii.l_v when people telk 
about Auger recombination, they think about tsnd--to-band Auger recombina- 
tion but, as yot: know you have pointed out in your talks --- there are 
many reco. bination states in a diffused junction and, therefore, the 
Auger process may be extremely important, and that shou:C not be over- 
looked. And that is only estimated, as far as I know, from a t.heoretica1 
viewpoint, and by Peter Landsberg and Bobbins first. You bring attention 
to a very important point. 

Since t h ~ r 6  has been a 

And his 

SCHMIDT: I think you may have sensed why I asked yoii that question. For some- 
body who is responsible to prepare eemiconductors, it is extremely impor- 
tant to know what kind of doping level could be tolerated and still make 
good solar cells. 

LINDHOLI4: That's an excellent point. The band-to-band Auger process gives yuu 
an ultimate upper bound. For higher doping concentrations, certainly the 
band-to-band Auger recombination gives you an upper bound. Thac needs to 
be looked at carefully, and experimentally, again. 

SCHMIDT: Do you think that the situation may be changing again in case you 
have a highly counter-doped material? 

LINDHOLH: Could te. 
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ABSTRACT 

Large area ( 1 0 0 ~ ~ 1 ~ )  p o l y s i l i c o n  s o l a r  cel ls  having e f f i c i e n c i e s  of up t o  
14.1% (100mW/cr2, 25OC) were f a b r i c a t e d  and a d e t a i l e d  a n a l y s i s  was performed 
t o  i d e n t i f y  t h e  e f f i c i e n c y  loss mechanisms. The I-V c h a r a c t e r i s t i c s  of t h e  
best ce l l  were dominated by recombination i n  t h e  quasi-neutral  base due to  t h e  
combination of minori ty  carrier d i f f u s i o n  l eng th  hnd base r e s i s t i v i t y .  An 
a n a l y s i s  of t h e  m i c r o s t r u c t u r a l  d e f e c t s  p r e s e n t  i n  t h e  material and t h e i r  
e f f e c t  on t h e  e lectr ical  p r o p e r t i e s  is presented. 

INTRODUCTION 

Developments i n  t h e  f a b r i c a t i o n  of 4cm2 s i n g l e  c r y s t a l  s o l a r  ce l l s  have 
y i e lded  e f f i c i e n c i e s  exceeding 18% under s tandard terrestrial  test c o n d i t i o n s  
[1,2].  More r e c e n t l y ,  s i n g l e  c r y s t a l  :ell e f f i c i e n c i e s  exceeding 19% have 
be2n r epor t ed  [ 3 ] .  I n  comparison, 4ce- o o l y s i l i c o n  s o l a r  cells  have been 
l d b r i c a t e d  havlng terrestrial  e f f i c i e n c i e s  up t o  17% 141. Based on t h e s e  
s u c c e s s f u l  r e s u l t s  a n  e f f o r t  w a s  made to determine t h e  maximum e f f i c i e n c y  
ach ievab le  on l a r g e  area c a s t  p o l y s i l i c o n  ma te r i a l .  

MATERIAL AND DEVICE CONSIDERATIONS 

S h o r t - c i r c u i t  Current 

Earlier ana lyses  of s h o r t - c i r c u i t  c u r r e n t  l i m i t a t i o n s  i n  p o l y s i l i c o n  
s o l a r  ce l l s  have ind ica t ed  t h a t  f o r  an e f f e c t i v e  g r a i n  diameter (3ascd on 
e l e c t r i c a l l y  a c t i v e  g r a i n  and subgrain boundaries)  exceeding 1-2 mm, t h e  
s h o r t - c i r c u i t  c u r r e n t  i s  e s s e c t i a l l y  determined by t h e  minori ty  carrier 
d i f f u s i o n  l eng th  wi th in  t h e  g r a i n  volumes [ 5 , 6 ] .  Recently i t  was shown t h a t  
p o l y s i l i c o n  material can be modelled using tbe  concept of an e f f e c t i v e  
minor i ty  carrier d i f f u s i o n  l e n g t h ,  which depends on t h e  g r a i n  diameter and 
g r a i n  boundary s u r f a c e  recombination v e l o c i t y ,  incorporated toge the r  w i th  
o i n g l e  c r y s t a l  device models [7] .  

'Work supported by DOE, Cooperative Agreement No. DE-FC01-80ET23197 and by 
Solarcx Corporation 

Current Address: Maryland Nat ional  C a p i t a l  Park and Planning Commission * 
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Figure 1 is a graph of  t h e  t h e o r e t i c a l  maximum ob ta inab le  s h o r t - c i r c u i t  
c u r r e n t  d e n s i t y ,  i n  t h e  wavelength range 400 - 1100 nm, ver sus  t h e  minor i ty  
carrier d i f f u s i o n  l eng th ,  &, i n  a long-base s o l a r  ce l l  (ce l l  th i ckness  W, 
where W > > & ) ,  c a l c u l a t e d  using a r e c e n t l y  publ ished AM1.5 global spectral 
i r r a d i a n c e  curve (97mW/cm2) [ 8) .  The c a l c u l a t e d  v a l u e s  were then inc reased  by 
3% to  approximate 100mW/cm2 cond i t ions .  Figure 1 shows that f o r  d i f f u s i o n  
l e n g t h s  exceeding approximately 100 pm, i n  a long-base s o l a r  cel l ,  t h e  sho r t -  
c i r c u i t  c u r r e n t  i n c r e a s e s  a sympto t i ca l ly  with i n c r e a s e s  i n  d i f f u s i o n  l eng th .  
For a n  e f f e c t i v e  g r a i n  s i z e  of 1-2 m, i n t r a g r a i n  d i f f u s i o n  l e n g t h  of 250 pm, 
and a n  i n f i n i t e  g - a i n  boundary s u r f a c e  recombination v e l o c i t y ,  t h e  e f f e c t i v e  
d i f f u s i o n  l e n g t h  i n  p o l y s i l i c o n  material would be approximately 120 - 170 pm 
and g r a i n  boundary e f f e c t s  on s h o r t - c i r c u i t  c u r r e n t  are minimal [7].  

- - 

The material used i n  t h i s  s tudy  has  average g r a i n  diameters  of 2 - 10 mm, 
however t h e  presence of d i s l o c a t i o n  subgrain boundaries w i t h i n  soin:c? of  the 
l a r g e  g r a i n s  l o c a l l y  reduces t h e  e f f e c t i v e  g r a i n  s i z e  aid t h e  e f f e c t i v e  
minor i ty  carrier d i f f u s i o n  l eng th .  A d e t a i l e d  s tudy  of t h e  o r i g i n s  and 
electrical p r o p e r t i e s  of  subgrain boundaries i n  cast p o l y s i l i c o n  materiai has  
been performed [9]. For t y p i c a l  subgrain diameters  i n  t h e  range 0.1 - '3.3 m 
t h e  e f f e c t i v e  d i f f u s i o n  l eng th  can be reduced t o  40 - 90 pm, using t he  
previous va lues  of i n t r a g r a i n  d i f f u s i o n  l eng th  and s u r f a c e  recombination 
v e l o c i t y ,  and reduce the  s h o r t - c i r c u i t  c u r r e n t  (7) .  A dccreased e f f e c t i v e  
lifetime i n  r eg ions  con ta in ing  subgrain boundaries,  revealed using a Secco 
e t c h ,  h a s  been reported earlier [ lo] .  Thus i t  is important t o  o b t a i n  poly- 
s i l i c o n  material which has  a long i n t r a g r a i n  d i f f u s i o n  l eng th  and has  a 
minimum d e n s i t y  of subgrains .  

Own-Circuit  Voltage and F i l l  Factor  

1 

Neglecting series r e s i s t a n c e  and shunt  conductance t h e  dark I - V  
c h a r a c t e r i s t i c s  of a s o l a r  ce l l  can be w r i t t e n  as 

Jd Jsc,[exp(qV/nkT)-l J + Jqno[exp(qV/kT)-l] (1 )  

where t h e  f i r s t  term is t he  c u r r e n t  component s r i s i n g  from recombination i n  
t h e  space-charge region (with a diode i d e a l i t y  f a c t o r ,  n) and the  second term 
is t h e  c u r r e n t  component due t o  recombination i n  both t h e  quas i -neu t r a l  
emitter and quasi-neutral  base of t he  s o l a r  c e l l  (111. With t h e  use  of s i n g l e  
c r y s t a l  base material and high q u a l i t y ,  c a r e f u l ,  c e l l  processing,  t h e  space- 
charge component is u s u a l l y  n e g l i g i b l e .  
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I n  o r d e r  t o  maximize t h e  open-circui t  vo l tage  most workers have f i r s t  
minimized t h e  quasi-neutral  base recombinat ion  component by using boron-doped , 
nigh lifetime, l o w  r e s i s t i v i t y  (0.1-0.3 R-cm) float-zoned single c r y s t a l  
si l icon as a base material and then minimized t h e  quasi-neutral  emitter 
recombination by a c m b i n a t i o n  of t a i l o r i n g  t h e  emitter doping p r o f i l e  and/or 
pass iva t ing  t h e  s u r f a c e  with a thermally grown oxide [12-17,2). The most 
successfu l  work to d a t e  is t h e  MINP solar ce l l  design [18-19]. 

Empir ical ly  i t  has  been found i n  t h e  p a s t  t h a t  t h e  minor i ty  carrier 
d i f f u s i o n  l e n g t h  in cast p o l y s i l i c o n  material decreases  r a p i d l y  f o r  base 
resistivities below approximately 1 Q-cm and t h a t  good q u a l i t y  material can be 
grovn in t h e  1-2 Q-em r e s i s t i v i t y  range. Thus in o r d e r  t o  apply t h e s e  r e s u l t s  
t h e  recombination c u r r e n t  i n  t h e  quasi-neutral  base must first be es t imated  
f o r  t h i s  range of base r e s i s t i v i t y .  The quasi-neutral  base recombination 
c u r r e n t ,  Jqno, can be c a l c u l a t e d  f o r  two d i f f e r e n t  condi t ions  [14], (1) t h e  
long-base solar cell  (w>>b): 

2 
Long-base Jqno = q n f h  (2 1 

* A h  

and (2) the perfect back s u r f a c e  f i e l d  (BSF) condi t ion  (back s u r f a c e  recombi- 
n a t i o n  v e l o c i t y  is zero): 

BSF (3)  

vhere q is t h e  e l e c t r o n i c  charge,  n i  is t h e  i n t r i n s i c  c a r r i e r  concent ra t ion ,  
41 is t h e  minori ty  carrier d i f f u s i v i t y ,  NA i s  t h e  base doping concent ra t ion ,  
& is t h e  minor i ty  carrier d i f f u s i o n  l e n g t h  and W is t h e  base thickness .  
Using Figure 1, and equat ions (2)  and (3) t h e  maximum, base-limited,  open- 
c i r c u i t  vo l tage  under 100mW/cm2, 25OC condi t ions  was c a l c u l a t e d  a s  a f u n c t i o n  
of minori ty  carrier d i f f u s i o n  length  f o r  p =  1 Q-cm, W = 1 5 0 p m  and p= 1.7R-cm, 
W = 225 pm, and is shown in Figure 2. These r e s i s t i v i t y / t h i c k n e s s  combina- 
t i o n s  correspond t o  base parameters f o r  a high e f f i c i e n c y  4cm* and t h e  100cm2 
p o l y s i l i c o n  s o l a r  ce l l s  r e s p e c t i v e l y  discussed later.  

Figure 2 shows t h a t  f o r  a 1 SZ-cm, ?.SO urn t h i c k  ce l l  the minor i ty  carrier 
d i f f u s i o n  length  must be, f o r  a base-limited open-circui t  vo l tage  t o  exceed 
60OmV, g r e a t e r  thaq 170 Dm f o r  a BSF cell and g r e a t e r  than 240 pm f o r  a long- 
base cell .  For a 1 . 7  R-cm, 225 urn t h i c k  base t h e  minori ty  carrier d i f f u s i o n  
length must be g r e a t e r  than 300 urn f o r  a BSF ce l l  and g r e a t e r  than 400 U m  f o r  
a long-base cell .  Thus, t h e  use of high base r e s i s t i v i t y  m a t e r i a l  pu ts  a 
l a r g e  lower l i m i t  on t h e  range of t h e  minor i ty  carrier d i f f u s i o n  l e n g t h  
necessary t o  reach a base-limited open-cfrcuit  vo l tage  of 600 mV and p laces  
f u r t h e r  eaphas is  on obta in ing  material with a minimal l i f e t i m e  inhomogenity. 
It was r e c e n t l y  demonstrated experimental ly  t h a t  reduced open-circui t  v o l t a g e s  
i n  large-grained polys i l icon  s o l a r  ce l l s  were due t o  a lower minori ty  c a r r i e r  
d i f f u s i o n  length  i n  t h e  base s u b s t r a t e  material [20]. As discussed previous- 
l y ,  the  e f f e c t i v e  minori ty  carrier d i f f u s i o n  length  i n  reg ions  conta in ing  sub- 
g r a i n  boundaries can be as l o w  a s  40-90 Um. I n  t h e s e  l o c a l i z e d  regions,  using 
Figure 2 ,  t h e  open-circuit  vo l tage  can range from 550 - 575 mV f o r  1n-cm 
m a t e r i a l  and from 530 - 550 mV f o r  1 .7  Q-cm material. Open-circuit vo l tage  
degradation c'ae t o  increased quasi-neutral  base recombination a s s o c i a t e d  with 
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t h e  bes t  cel l  had an  e f f i c i e n c y  of 14.1%. Table 1 also summarizes t h e  illumi- 
nated I-V c h a r a c t e r i s t i c s  of t h e  best  l a r g e  area cel l  toge ther  with the  
c h a r a c t e r i s t i c s  of a small a r e a  (4.03cm2) 16.2% e f f i c i e n t  p o l y s i l i c o n  solar 
cell f a b r i c a t e d  during an  earlier s tudy  (41. The e f f i c i e n c y  of t h e  small a r e a  
polys i l icon  s o l a r  ce l l  was independently confirmed a t  the  Solar  Energy 
Research I n s t i t u t e  [22]. 

ANALYSIS 

1 

? 
'4 

i 

Shor t -c i rcu i t  Current 

I n  order  t o  q u a n t i f y  t h e  e f f i c i e n c y  l o s s  mechanisms, a d e t a i l e d  loss 
a n a l y s i s  of the  bes t  l a r g e  area cel l  toge ther  with a high e f f i c i e n c y  small 
area cell was performed. Figures  6 and 7 show t h e  i n t e r n a l  and e x t e r n a l  
quantum e f f i c i e n c i e s  of t h e  16.2X, 4.03cm2 cel l  and t h e  14.1%, 100cm2 c e l l  
r e s p e c t i v e l y  i n  t h e  wavelength region 400 - 1100 nm. Of p a r t i c u l a r  no te  is 
t h a t  both ce l l s  exhib i ted  a spectral response which var ied  with l i g h t  
i n t e n s i t y  [23]. The observat ion of a minor i ty  carrier d i f f u s i o n  l e n g t h  which 
is dependent on i n j e c t i o n  l e v e l  has been s tudied  previously i n  o t h e r  s i l i c o n  
materials [24,25]. The quantum e f f i c i e n c y  of  t h e  16.2% ce l l  was measured with 
a chopped monochromatic beam and a s teady white  l i g h t  b i a s  of approximately 1 
sun i n t e a s i t y  (231. The l a r g e  area c e l l  was measured with a white l i g h t  b i a s  
of approximately 0.1 sun b i a s  i n t e n s i t y  due t o  measurement l i m i t a t i o n s .  Thus, 
although i t  is poss ib le  t h a t  t h e  near  i n f r a r e d  quantum e f f i c i e n c y  measured f o r  
t h i s  cell  is inaccura te ,  no s i g n i f i c a n t  v a r i a t i o n  was found i n  the  range of 
0.05 - 0.1 sun b i a s  i n d i c a t i n g  t h a t  t h e  t r a p s  dominating t h e  low i n j e c t i o n  
l i f e t i m e  were sa tura ted .  

Figure 8 shows t h e  i n t e r n a l  quantum e f f i c i e n c y  measured, a t  approximately 
1 sun b i a s ,  i n  a regipn containing subgrain boundaries and an ad 'acent  region 

e f f e c t i v e  minori ty  carrier d i f f u s i o n  length  i n  t h e  subgrain region was calcu- 
l a t e d  from t h e  l i n e a r  p l o t  of inverse  quantum e f f i c i e n c y  versus  inverse  
absorpt ion c o e f f i c i e n t  [ 2 6 ]  t o  be 80 Urn. This value is approximately one- 
t h i r d  of t h e  base th ickness  so t h a t  ignoring BSF e f f e c t s  i n  t h e  d i f f u s i o n  
length  c a l c u l a t i o n  is j u s t i f i e d .  I n  c o n t r a s t ,  a c a l c u l a t i o n  of the  d i f f u s i o n  
length  in t h e  subgrain-free region,  o r  f o r  t h e  curves i n  Figure 6 and 7 using 
t h i s  method y i e l d s  d i f f u s i o n  length  values  c l o s e  t o  or exceeding t h e  base 
thickness .  Thus t h e  a n a l y s i s  assumptions are v i o l a t e d  and these  va lues  are 
inaccurate .  

free of subgrain boundaries (both regions are i n  t h e  14.1%, l O O c m  1 ce l l ) .  The 
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Table 2 .  

separately integrating the product of 

matm 1.0 13.2 1.0 93.2 

Wrrm 

Dmllry OMJllUl 0 . 1  Y.6 0.85 56.1 

t t C l t I W 3  LOSS 

GRm WDlWE 0.95 B.6 0 . 1  31.3 

LOSS 

El 0.M 94.6 0.73 31.3 

Short-Circuit Current Losses for t h e  
! b a l l  and Large Area Polysi l icon Cells 
i n  the  Region 400 - il00 nm 

each quantum efficiency curv-e 
with the AMl.5 solar spectral irradiance curve [8] over the wavelength range 
400 - 1100 nm, and by measuring the percentage grid shadowing, the percent 
losses in short-circuit current due to internal quantum efficiency, anti- 
reflection coating, and grid shadowing were calculated. This short-circuit 
current loss analysis is summarized in Table 2. The short-circuit current 
associated with the internal quantum efficiency of the small area cell is 
approximately 2% greater than the large area cell partly due to a reduced cell 
thickness (150 p m  versus 225 pm), which enhances BSF effects, and the addition 
of a back-surface reflector (BSR) which was not used for the large area cells. 
From an analysis of Figure 8 a total internal quantum efficiency loss in 
short-circuit current of only approximately 1% can be attributed to the 8% 
area of the cell containing subgrain boundaries. Antireflection coating 
losses were identical. The major difference between the two cells was thz 
percentage of grid shadowing, representing approximately 5% for the small area 
cell and 12% for the large area cell. The grid shadowing is approximately 
twice the design value for the large area cell and was due to excessive grid 
line broadening during the photolithography and metallization processes. 
Open-circuit Voltage and Fill Factor - 

The dark I-V characteristics of both cells were generated by measuring 
Isc-Voc at different illumination levels to eliminate the effect of series 
resistance and then subtracting the shunt conductance contribution (determined 
from reverse-bias measurements). This data was then fitted to equation (1) 
using a computer program designed to minimize the differences between the mea- 
sured data and the I - V  characteristics calculated from equation (1) [27]. The 
aeries rr.sistance was calculated from the difference in the Isc-VOc and dark 
forward-bias I-P characteristics. The base resistivity was calculated from 
junction capacitance measurements. These results are summarized in Table 3, 

Using the shifting approximation, the illuminated I-V characteristics 
were calculated from the short-circuit current and dark T-V characteristics in 
Table 3. This calculation was done by starting with the quasi-neutral 
component alone, calculating the illuminated I-V characteristics, and then 
sequentially adding the space-charge component, shunt conductance, and series 
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Table 3. Dark I-\' Characteristics for the Small 
and Large Area Po;ysilicon Solar Cells  
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Table 4 .  Illuminated I-V Losses Calculated Csing 
the Shifting Approximation and the Dark 
I-\' Characteristics in Table 3 fcr the 
Small Area (Table 4A) and Large Area 
(Table GB) Polysilicon Solar Cells 

r e s i s t a n c e ,  and r e p e a t i n g  t h e  c a l c u l a t i o n  a f t e r  each a d d i t i o n .  Table  4A 
s m a r i z e s  t h e  r e s u l t s  of t h i s  c a l c u l a t i o n  f o r  t h e  16.2% small area cel l .  
Space-charge r ecoab ina t ion  reduced t h e  open-circui t  vo l t age  minimally ($3 mV) ,  
however i t  caused a 0.8% reduc t ion  I n  c e l l  e f f i c i e n c y  (17.2 t o  16.4%) due t o  a 
decreased f i l l  f a c t o r .  The cause of t h i s  increased space-charge component was 
not  i d e n t i f i e d .  The shunt  conductance was s u f f i c i e n t l y  low t o  not a f f e c t  t he  
ce l l  e f f i c i e n c y ,  however Eeries r e s i s t a n c e  decreased t h e  f i l l  f a c t o r  and 
caused a 0.3% r educ t ion  i n  ce l l  e f f i c i e n c y .  The uppermost curve i n  Figure 2 
shows t h a t ,  t h e o r e t i c a l l y ,  t h e  open-circui t  vo l t age  of a p e r f e c t  BSF c e l l  of 
t h i s  t h i ckness  and base r e s i s t i v i t y  must have a base minor i ty  carrier d i f f u -  
s i o n  l eng th  exceeding approximately 180 pm, which may be poss ib l e ,  i n  o rde r  t o  
achieve a base-limited open-circui t  vo l t age  l a r g e r  than experimental ly  
obtainet. .  The base d i f f u s i o n  l eng th  and back s u r f a c e  recombination v e l o c i t y  
a r e  d i f f i c u l t  parameters t o  measure i n  a BSF c e l l  and were not measured i n  
t h i s  s tudy.  (Techniques t o  s e p a r a t e l y  determine t h e  base and eml.tter dark 
c u r r e n t  components have been r e c e n t l y  reported [ 28,2911 However, based on t h e  
above a n a l y s i s  of the da rk  c u r r e n t  and Figure 2,  t he  open-circui t  v o l t a g e  of 
the 16.2% c e l l  is approaching t h e  l e v e l  where recombination i n  t h e  quasi-  
n e u t r a l  emitter begins t o  dominate. 

I 
! '  

v a 

Table 4B summarizes t h e  c s l c u l a t e d  I - V  c h a r a c t e r i s t i c 6  of t h e  14.1% l a r g e  
area ce l l .  Space-c?;rge recombination aga in  reduced the  open-circui t  vo l t age  
minimally ($4 mV) however i t  c w s e d  a 0.5% reduc t ion  i n  ce l l  e f f i c i e n c y  due t o  
a reduced f i l l  f a c t o r .  It i s  ~ ~ a s o n a b l e  t o  assume t h a t  p a r t  of t h e  inc reased  
space-charge recombination i s  due t o  t h e  presence of subgrain boundaries.  
Shunt conductance and series r e s i s t a n c e  accounted f o r  e f f i c i e n c y  1.oeses of 
0.3% and 0.2% r e s p e c t i v e l y  due t o  a decrease i n  f i l l - f a c t o r .  The next  t o  
lowest curve i n  Figure 2 shows t h a t ,  t h e o r e t i c a l l y ,  t h e  base minor i ty  carrier 
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diffusion length of a perfect BSF cell of this thickness and base resistivity 
must exceed approximately 200 pm in order to achieve a base-limited open- 
circuit voltage larger than experimentally observed for the large cell. The 
diffusion length must exceed 300 pm, which is not likely, in order to achieve 
a base-limited open-circuit voltage of 600 mV. Thus it is concluded that the I 

I open-circuit voltage of this cell is limited by recombination in the quasi- 
neutral base due to both base resistivity and minority carrier d. ffusion 

1 length limitations. This conclusion is consistent with results in 2 R s m  
single crystal silicon solar cells [15]. 

The extent of this base recombination due to an approximately 8% area 
containing subgrain boundaries was calculated from the aeasured effective 
diffusion length of 80 Ilm in this region and equations (2) or (3). The 
interesting result is that approximately 40% of the total quasi-neutral 
current results from an region comprising approximately 8% of the cell area. 
This emphasizes the need to eliminate these defects by modification of the 
crystal growth process or possibly by passivation of these defects using, for 
example, atomic hydrogen [30]. 

.1 
i 
i 
i 

t 

SUMMARY AND CONCLUSIONS 

Large area (100cm2) polysilicon solar cells having efficiencies up to 
14.1% (100mW/cm2, 25%) were fabricated and a detailed analysis was performed 
to identify the efficiency loss mechanisms. The I-V characteristics of the 
best cell were dominated by recornbination in the quasi-neutral base due to the 
combination of minority carrier diffusion length and base resistivity 
(1.7Q-cm). Approximately 40% of the total quasi-neutral recombination current 
was attributed to regions comprising approximately 8% of the total cell area 
containing subgrain boundaries. These subgrain boundaries substantially 
reduced the locai effective mirlority carrier diffusion length which locally 
increases the base recombination current. By comparison, an analysis of a 
16.2% small area polysilicon solar cell (4.03cm2) indicated that the open- 
circuit voltage of this cell was approachirg the level where recombination in 
the quasi-neutral emitter begins to dominate. 

Further efficiency increases in large area polysilicon solar cells can be 
realized by ar! improvement in the crystal growth, and/or post-solidification 
processes, to reproducibly yielu low resistivity material having a long, 
spatially uniform, minority carrier diffusion length. After a suitable 
reduction in the base recombination is accomplished, a further development and 
application of the surface passivation and emitter fnrmation techniques, 
successfully demmstrated with single crystal material, should allow 
efficiency advances to be made. 
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. .  DISCUSSION 

BA1-CHOUDHUBY: I notice your intez.ial quantum efficiencies around 0.4 microm- 
eter were in excess of 80%. 
internal quantum efffciencv wlthout the surface pfissivation? 

Would you conment on why you had scch high 

JOHNSON: I think it’s strictly due to our thinner junction. We have 6 fairly 
high sheet resistance of 100 ohms per square -- maybe aliahtly larger than 
that. 

MI-CHOUDHURY: What is yorr  surface dopant concentration? 

JOHNSON: I don’t know, We haven’t measured that. e 
J 

MI-CHOUDPURY: It‘s not clear why you had such high collection efFicieccies. 
There has got to be either low emitter surface dopant concentration or 
somehow your surface has got to be very well yassivated, because usually 
even if you take a single crystal material at 0.4 micrometer you see 
internal quantum efficiencies of about 50% to 60% at the most, and you 
hPd 80% there. 

I 

JOHNSON: All that I can say is that it may be just from the part:cular way we 
do our diffusions. h 

41 

LESK: I wa3 just wondering, there was a paper in your organization on hydro- 
gen papsivation of defects, atid I was wondering if you see any passivetion 
of the sub-grain boarrdary regions with hydrogen, or can you look at it 
closely? 

JOHNSON: We haven’t done that yet. Jerry Culick, who is here, will be doing 
that, and thrrn is a lot of promise €or passivetion of those regions, 
because the region where you are going to get the passivation is probably 
at the dislocations, where you are going to get diffusion down the bound- 
aries duo to the presence of dislocation. 

. t  ‘ i  
I 1  

SIRTL: I have two questions. One is, could you briefly lescribe or show the 
crystalline features of the two top cells you werv aiscussing? 
question is, did you -- with the same cell technique -- make solar cells 
from standard monocrystal like Czochralski, just to show the differences 
in terms of this sophisticated cell technology? 

T h e  seccnd 
P x ;’ 
i 

JOHNSON: Yes- For Czochralski material, for 2 x 2 cells we can get 
16 1/2% - 17% without too much difficulty. For large areas, we did 
process a few five-inch wafers, where we c1.i off th;. edges. We started 
about four uf them; wc got two of them finally to the end. One of thr 
cells had an open-circuit voltage of about 600 miliivolto and the other 
one was somewhat less than that, maybe 590 fir so. Thie is due more to 
processing limitations, I thinit. EfficLencies run in the oroer of 
15 1/2% for the large area cells. 

SIRTL: Could you describe the two samples? Was the 2 x 2 16.2% cell largely 
monocrystalline, or how did it look? 
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JOHNSON: Mo, the grain size was largers anti I don't have a picture of that 
particular cell. 
centimeter to a centimeter or so in size. l*d say closer tq about half 
centimeter in size. The large-area cells, optically visible grain size 
is still i a  the range of 3 to 5 millimeters. A&ain, it's not the opti- 
cally visible size that is important to us, it's the size under a defect. 
That's where we see these small-grain regions and sub-grain regions. 

The grain size in that cell was probably closer to half 

QUgSTfOiU: Xed like to follow up on that. 
characteristics; do you h a w  any feeling what is the percentage of gra'n 
boundaries? Uhst kind of grain boundaries? 

Your 4 CQ? cell had very good 

Earlier you called it 8%. 

JOHBSON: Oh, subgrains id that particular cell. We did not want to destroy 
it, naturally, but I rsould estimate subgrain ooundaries in that partic- 
ulp- ?e11 were very minimal. 

large area. 
gives you. 

I would say very few are in that region. 
-11-area cells you have the luxury of choosing good areas out of a 

For large-area cells you have to take what the material 

UAO : It's interesting that you have this 8% of the ataterial having sub-grain 
boundaries, and yo** showed some nice pictures of thot. Is there any way 
that can relate this to location and the saarple where you have high 
density sub-grain boundaries, and do you know what hpppens at the subgrain 
boundaries? Why they are forming? Ace they forming >cause of impurity 
segregation there, perhaps? 

JOHNSON: Impurity segregation would be difficult for us to measure. Someone 
What like Larry ltazmerski could probably measure it relatively easily. 

we have found is that the electrical activity of grain boundaries is 
associated with dislocations at the interface. First-order twins, which 
do not need dislocations to make up the orientation difference, are rarely 
electrically active. Second-order twin boundaries can have regions that 
fit together coherently; there's no dislocations needed. They are all 
relatively active electrically. Small-angle boundaries that are totally 
coarpressed at this location are always found to be electrically active. 
We have always seen that to be so. Whether it's impurities, atmosphere 
being formed around these dislocations causing their recombination, is 
not very clear, but as we have seen, a lot of the people have talked 
about loe-teaperature work. 
tions are electrically active. 
it's impurities or the poor structure of the dislocation -- but again, we 
believe that the recombication at tbe grain boundary is associated with 
dislocation, whether it's impurities there or the natural structure of 
the dislocation itselt. 

It*s not very straightforward why disloca- 
People have looked at this but whether 

DYER: Mine is mainly a c m m n t ,  and it is in response to Rai-Choudhury's 
remark earlier, on how come you have this higher quant.um efficiency and 
so forth? 
throw into this whole business: that is, the chemical processing of the 
early slice is very important. If you thin the slice with hydroxides and 
then if you texture it with dilute hydroxides there are some things that 
will plate out of solution. 
If you don't do anything to remove that before you diffuse, tben you 

It just recalls to me a chemical n w k e y  *.Tench that I want to 

For example, iron plates out of solution. 
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would drive iron into the emitter, and so forth, and I don't think that 
would be very good for the device. So, I just want to remind people of 
this, and of course if you are using acid cleanups, acids plate gold and 
copper out of solutions; you have to guard against the buildup of these 
materials and then replating them out. 
mention this as possible effect on the Voc that earlier i n  the meeting 
someone pointed out was slightly lower from texturing. 

They are also bad. Just to 

BfCKLgR: I'd like to cameat on the origir. of e-? of these stresses at tho 
corners of the grain boundaries. I think it would be valuable if you did 
a thorough study on grain orientation from the €reezing point of silicon. 
I'm sure the stresses you racntioned from ths crucible are probably minor 
by the tiae you get in a few grains and it may submit itself to an analy- 
sis. 
focus that force, that strain ht tboce stress points. 

Since you get a dimension change arid difPerent directions it may 

DYER: It may be thie, the changes in themu1 gradient in the ingot, which are 
not nearly as well controlled as materiel like Czochralski, that we are 
getting. 
origin of these stresses and what the effect is on different grain orien- 
tatioas. 
ular stress direction due to thermal stresses, just based on how the 
ingot is going to cool, what is the resclved shear stress on the grains 
of different orientation? So if you have a grain in the right orienta- 
tion you are going to get 8 very large shear stress on that particular 
grain and you are going to get 8 slip. 

low, Yo@ at Texas Instruments has done a lot of looking at the 

The apprc;act that he has taken is that if you assume a partic- 

BICKLBR: The analysis that I am talking about would be isothermal cooling, if 
There still would be a differential such a thing, theoretically, exists. 

expansion as a function of grain orientation. 
after the fact. You could look at these samples that you show pictures 
of and see if, in fact, there is any stress or strain. 

You could analyze that 

W O K A :  I just want to follow up and try get it clear. What you are saying, 
in dfect, is that the dislocstions that are electrically active and 
giving you a problem are due to thermal stress. 
basically the same distinction then that Schwuttke made yesterday also 
with web, with only the stress locations that seem to be electrical.ly 
troublesome. Is that right? 

And if that's so, it's 

DYER: Wo, what I was saying was that the sub-grain boundaries themselves seem 
to be indications that they are formed from stress in the ingot. In 
other words, the collation of the dislocations there. When they are in a 
particular boundary, then their nature is very difficult to determi.ne. 
We hava always seen the boundaries to be electrically active. Some of 
the dislocations in the material, however, we only saw at low temperature. 
Whether they are formed from stress or t3ey have grown into dislocations 
I really can'c say. So we see some dislocations electrically active, some 
are not. f have not nude a clear distinction. 

QUESTION: A lack of clear contrast at room temperature does not mean that they 
are not adversely affsciing you, though. 
that have we have stresoed in the JPL program. Those two pictures that I 

We have seen crystal samples 

I 
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showed yerterdag: you have difficulty sometimes seeiug these dislocations 
that you formed by stressing at roam temperature. But they do affect the 
diffusion length, so Just looking for contrast can be a little deceptive. 
You have io be careful without having any absolute measure of what the 
real lifetime or diffusion length is. 

QugSTION: If you don't see a contrast at a particular defect, I would say 
that at room temperature it's not strongly electrically active, unless 
you have such a high density of defects that you can't tell the differ- 
ence between the various contrasts. The contrast you see for dislocation 
depends on the recoebination efficiency at the particular dislocation and 
also on the diffusion length in the surrounding material. 
ing material is limited by impurities or point defects or some other 
defect; you may see a very low contrast. 
what's happening at dislocations. 

The surround- 

It may not be indicative of 
It may be the bulk material around it. 

QClESTIO#: I generally would agree with that. But I still think one has to be 
careful, though. If you don't see contrast, you can't state absolutely 
that you don't have dislocations apd that it's not affecting your life- 
time. 

JOHIYSON: Well, I agree. I wouldn't want to say anything absolutely about 
it. 
ating factor as far as efficiency is concerned, I wouldn't argge that 
they are not a factor at all. 

I pade a statement that if we don't see that they are not a domin- 

MILSTBIN: I would comaaent on the two previous discussions. It is all well 
and good to understand how the stress interacts in causing dislocations 
and things of that nature; however, I think the problem that really needs 
to be addressed is what does one do about controlling it. In that sense, 
that's really the crux of what you are addressing. 

- -  

JOHUSON: That is the crux of why we are spending a lot of time figuring out 
what forms these particular defects. 
ular thermal environment so as not to produce these in the as-grown 
crystal rather than have to try to passivate them later. 

We would like to tailor our partic- 

ILKS: YOU are saying you are working on a polycrystalline material, so by 
definition you have, I take it, grain boundaries and sub-grain boundaries. 
What I would like you to coppment on is what you were planning to do in 
the near future to improve the lifetime or the diffusion length, and some 
feel for what kind of a number you expect in some given time frame. 
you like to coament on that? 

Would 

JOHUSON: I certainly cannot give you a number of what I would expect. What 
we would like to look at in more and more detail is why our lifetime does 
drop off as a function of dopant density, to try to determine where the 
actual limitations are, and it's very important to try to overcome the 
technological limitation of the material. Try to get to lower resistiv- 
ity. So we are looking at that particular area right now. I don't have 
a feel for whet I could say if we cast silicon sheet having resistivity 
of 0.5-ohm centimeters -- that we would still expect our diffusion length 
to be 150 micrometers. I have no basis to make a judpent. 

z 
3 
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IUS: ThO reason I asked that question is you have now 3.2 ohm centimeters 
betwsen your float zones. 
fusion lemth hit and miss; some crystals have it, most of them don*t. 
What kind of ultimate limits can we gain in efficiency? 
that number, and would like to coarment on it? 

Everybody's ~ ~ r k h g  on it and getting the dif- 

If somebody has 

QUESTION: I'd like to make a coaeent on that. It is that we know relatively 
well that our efficiency losses are due to the structural defects, such 
as grain and sub grain boundaries. 
density; that can be controlled. 
with inter-$rain rinority carrier diffusion, which is related to the 
doping density. 
zone, in that particular area that we are lookin6 at, and it's something 
that*s independent of the fact that there are grain and sub-grain bound- 
aries around. You can separate the two, but it may not be separate from 
the actual method that we grow the crystal. 
be, inherent in Ceochralski, and I hope there are some improvements down 
the line. 

We can minimize the sub-grain boundary 
Independent of that, there is a problem 

It's seen in Czochralski material, not seen in float- 

It may be, or it looks to 

I really can't say what they would be at this time. 

I 
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HIGH EFFICIENCY SOLAR CELL PROCESSING N85m3164~ 
F.Ho and P.A.Iles 

Applied Solar Energy Corporation 
City of industry, California, 91749 

INTRODUCTION 

At the t ime of writing, cells made by several groups are approaching 19% efficiency 
(AMI) (already achieved by t h e  UNSW group). To help focus t h e  forum objectives, we 
have chosen to discuss some more general aspects of the  processing required for such 
cells, rather than presenting detailed cell results. 

Most processing used fo r  high efficiency cells is derived from space-cell o r  
concentrator cell technology, and recent advances have been obtained from improved 
techniques rather than from better understanding of the  limiting mechanisms. 

Theory and modeling are fairly well developed, and adequate to guide further 
asymptotic increases in performance of "near-conventional" cells. There are several 
competitive cell designs with promise of higher performance (b 20%) but for these designs 
further improvements are required. 

The main trend recently has been the increased number of groups which can combine 
the available technology to fabricate high efficiency cells, and la ter  we will discuss this 
trend in relation to the goals of the forum. 

HIGH TECHNOLOGY PROCESSING 

The available cell processing technology which has been exploited can be listed as 

Choice and use of high quality silicon (mostly highly doped, mostly float-zone 
refined). 
Processing to preserve the high quality of the silicon. 
Formation of polished or  textured front surface with low damage, accompanied later 
by t h e  formation of a well designed (and carefully deposited) AR coating. 
Formation of shallow, lightly doped, good quality P N  junction (usually by diffusion, 
in some cases by ion-implantation). 
Use of contacts with low contact  resistance, perhaps with tunnel oxide layers to 
reduce recombination. 
Use of grid patterns with low shading (3-4%) and reduced series resistance (few 941, 
giving fill factors above 0.80. 
Use of front surface passivation. 
In some cases, use of fields, reflectors o r  passivation at the back surface. 

follows: - 
- 
- 
- 
- 
- 
- 
- 

In addition, when required, space cell  groups have demonstrated t h e  fabrication of 
thousands of thin (50-100um) cells with high efficiency. 

Tables 1 and 2 show the  intrinsic and extrinsic properties required for high 
efficiency cells, along with the process steps which mainly determine these properties. 
W e  have also indicated t h e  cell parameters most affected. 



TABLE 1 

INTRINSIC CELL PROPERTIES AND PROCESS sTEPS WHICH 
INFLUENCE T HESE PROPERTIES 

- INTRINSIC PROPERTY PROCiSS  STEPS AFFECT 
3. 

- 1  HIGH BULK DIFFUSION LENGTH 

19 
GOOD JUNCTION QUALITY 

LOW BULK LEAKAGE CURRENT 

LOW SURFACE RECOMBINATION 
'r 

-7 

6.. 
c 

SHALLOW JUNCTION 

- 
. -  

STARTING SILICON, CLEANING, Jsc 
PROCESSING 

SURFACE PREPARATION, CLEAN Voc (CFF) 
DIFFUSION 

JUNCTION, PURE SILICON, DOPING Voc 
OF SILICON. 

SURFACE PASSIVATION (BSF, FSF, 
OXIDES, ETC.) MIN. METAL (AREA, 
PASSF! ATION) 

DIFFUSION CONTROL Jsc 

Voc (Jsc) 

TABLE 2 ! 

Y 

EXTRINSIC CELL PROPERTIES P WD INFLUENCING PROCESS STEPS 

EXTRINSIC PROPERTY PROCESS STEPS AFFECT 

LOW REFLECTANCE AR COATING, (TEXTURED) Jsc (Voc) 

LOW SHADING GRID DESIGN Jsc 
LOW RESISTANCE LOSS GRID DESIGN, LOX' CONTACT CFF 

RESISTANCE 

INTERACTIONS 
SILICON QUALITY/PROCESSING 
JUNCTION QUALITY/SHALLO W J UNC./P ASSN 4 TION /GRIDDING 
SURFACE PREP A RATION /A R/P  ASS IV ATION 

P 

L. 
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If can be seen tha t  there  is considerable interaction of t h e  process steps. This 
emphasizes the fact that to equal (or exceed) the best state-of-the-art cell performance, 
most of the  processes listed must be acquired combined successfully. In f a c t  t h e  main 
requirement is to minimize the unwanted interactions as far as possible. Often the key 
requirements eg. texturing and passivation, are in conflict. 

In some cases, the  effect of a different (hopefully improved) process can only be 
evaluated by including i t  in a cell fabrication sequence with most of t h e  other necessary 
steps. Experience shows that to achieve the best cell performance, a& the process steps 
must be applied well. 

In other cases, ir,volving severe conflict of process steps, relief is sought by moving 
to alternate structures. For example, use oi mostly back surface structures, can ease t h e  
shading and passivation requirements, but may lead to the need for higher carrier 
diffusion lengths, and for effective back surface passivation, as weU as requiring a more 
complex (interdigitated) contact design. 

In a few cases, the conflicts are resolved by using more compiex steps eg. t h e  use 
of "dot1' contacts to reduce metal  Si contact area, and lo reduce t h e  need for contact 
passivation. Figure 1 shows pictorially the  high t e c h n o l o 3  processes which have been 
combined to give -19% and i t  can be seen t h a t  a fairly good level of optimization is 
needed for almost all the steps. 

FIGURE 1 
EFFICIENCY ACHIEVABLE WHEN VARIOUS PROCESSES OPTIMIZED 
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PROCESS FUNCTION 

LEGEND A 
B 
C 
D 
E 
F 
G 
H 
I 

GOOD QUALITY SILICON 

QUALITY JUNCTION 
SHALLOW, LIGHTLY DOPED SURF. LAYER. 
REFLECTANCE LOW. 
LOW SERIES RESISTANCE 
REDUCED SURF ACE RECOMBINATION. 
LOW SHADIP' 7 AREA. 
CONTACT PASSIVATION 

SURFACE PREPARATION 

. I  
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If scme of the  steps (e.g. C or I) a r e  omitted, 17-1846 is stiU achievable (this is t h e  
level often seen on production runs of space or concentrator cells). 

To cxceed 18%, most of the  processes shown must be well controlled and combined. 
To reach 19-20%, it  is important to make improvements in steps A, G and I. 

Silicon Quality 

Mos t  of the present high efficiency designs, and most of the projections for further 
increase to -2096, involve t h e  use of very high quality silicon. 

Almost all high efficiency cells have used float zone refined silicon, of ten with 
multiple zone passes. Such high quality silicon in t h e  high doping ranges required& not 
readily available (high efficiency solar cells represent a very limited market), and the  
Quality is not easily specified or guaranteed. In fact, there  is danger tha t  t h e  highest 
efficiencies claimed world-wide could all have been obtained using very few (perhaps one 
or two) ingots. This is of academic interest to show the  feasibility of t h e  combined 
processes to meet the design goals, but additional action is required if these cell designs 
are to be useful for meeting Ion term flat  plate efficiency goals (array efficiencies in 
excess of 15%, at a price of !! 90 per square meter, and with 20-30 years projected 
lifetime). 

W e  have had much experience with Czochralski-grown silicon, but limited experience 
with highly doped Cz-Si. Generally for  equivalent doping concentrations, cell  efficiencies 
are lower by 1-296 in conversion efficiency (5-10% lower in power), when Ct-Si replaced 
Fz-Si. However, lightly doped Cz-Si has shown very good quality, and very l i t t le work has 
been done to check if the problems at high doping levels a r e  derived from the doping 
pellets used, or from crucible interactions. Although t h e  la t ter  would appear to be t h e  
cause when comparing to the zone-Darc' improvements, it is hard to explain why lightly 
doped C z  ingots are so good. Micr.. l r c i ' . b  txhnology has made significant improvements 
in the Quality of surface devices, L, u,e of internal gettering. It a p p e x s  that more work 
should be done to identify the  cause; for reduced performance of highly doped Cz-Si. For 
production purposes Cz-Si has proved capable of high throughput and high quality, and 
although not y e t  satisfactorily inexpensive, i t  still is competitive with most other types of 
silicon. 

DISCUSSION 

Ce have i!!-Jkcated above that: 
;j 

I_ .- - 

C m l i n w d  optimization of cell technology (mostly already used at low "production: 
Jcvc'cs.' tan provide cells -20% efficient; also most of t h e  same technology can be 
d C p L y d  to test new cell designs. 

b) T;le feasibility of cells which can m e e t  the efficiency requirements for future f la t  
pJi.te arrays, has been demonstrated. 

c )  At present, in order to demonstrate small improvements, i t  is necessary for each 
group involved to master most of the  processes required to make a cell. 

M o s t  designs rely on use of very special quality silicon. d) 
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However, there  a re  some important areas  which require assessment, especially for 
this forum: 

i 

i) 

ii) 

More work is required, to widen the choice of silicor, which has the chance of 
meeting t h e  long term goals. 

Although it is necessary at present to show successful combination of all the process 
steps, in t h e  long rim it is inefficient to expect various cell development groups to 
acquire all these processes. !n some cases, the  t ime spent in such acquisition 
detracts from effot t in  a reas  where their real technical strengths can be used, 
whether i t  is in cell modeling, or  in development of new processes, 

4 

3 
4 

The only solution to this appears to be the  formationof "teams", wherein the basic 
processing skills are used to complement some of those groups. 

Consideration of this option, leads to the  realization that  there  a r e  several different 
motives which drive cell development, inrluding basic interest in theory and 
practice, carn:nercial interest  in the  flat-plate array goals, the  need to obtain 
financial gain or prestige for  establishments or  self, or  I ven patriotism. These 
motives must b e  reconciled to make best  use of all available .dents. 

iii) Now that ti-e cell technical requirements have reached a competitive efficiency 
plateau (19-20% cells should meet 15% array goals) i t  i s  not too early to begin 
assessment of the cost and production limitations, and also to demonstrate adequate 
environmental stability. Here again, as in (i) a different set of skills may be needed, 
and it is important that s o m e  of the groups developing cells should be attuned to 
interaction with production groups. 

A minor consideration is offered - that perh;ps a cell design should be selected 
which can be used in both flat plate and concentrator arrays (with slight known 
modifications for the latter)  as the best compromise for short term production 
evaluation. 

iv) 

v) In parallel with (iii), work should continue to extend the demonstrated feasibility 
(towards 23-2J%) either by routes which do not demand utilization of many precise 
technology process steps, and which overcome some physical limitations (eg. high 
doping eifects), or perhaps by effective team efforts. 

Some of the  areas discussed above can be explored by decisions reached after the 
forum, by suitable direction from JPL or other agencies. 

SUMMARY 

Using near-conventional cell structures, present cell process technologies, when 
suitably combined can give cell efficiency -1996, and with slight improvements, mbstly in 
Si quality, 20% seems feasible. 

The successful designs to-date a re  derived from space and concerltrator cell 
technologies which have demonstrated medium scale production levels ( 1 OOKW flat-plate 
output per year), altt, .qgh without meeting the flat-plate array cost goal;. 

c -- 
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W e  feel that already manufacturing assessment should be made for cells operating in 
t h e  19-20% plateau. 

Some theoretical designs offer the  possiblity of exceeding 20%, and should be 
pursued without constraints of costs, etc. 

One non-technical purpose of the forum maybe to combine the various motivations 
involved, to provide an  effective program; one are6 of promise is the  deliberate formation 
of balanced teams which include a wide range of skills (and motives). 
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CISZBR: Peter, I'm intr'e-ued by these older space cells that were worked out 
at 11110 and a lot of people say they would have done real well under ter- 
restrial conditions. 
old Spectrolab or OCLI cells that are textured? 

Isn't it possible to dig some of those out from the 

fL8S: Yes, they are still being made. The strange thing is that textured 
cells have only been made for a limited run and a different reason. 
textured cells run 10°C to 1S0C hotter in space, and most peopla in 
the terrestrial areas don't understand that, that we can get a higher 
efficiency on the block but we don't get a higher afficieccy when we 
interface with a real system. Space cells are a little more sophisti- 
cated, and the customer puts his specifications in there very early on 
and he knows very well what he is going to gain. 
right. Matter of fact, I think Daud wanted some decent cells, back- 
surface fields so that he and Fred Lindholm and some othcr peaple could 
find out whether there was a voltage drop at the back surface. 
and ,ot some Class 2 mechanical reject cells -- we don't make that many 
back-surface fields. 
said do you know these are 17 something percent, and we said yes, you 
never asked us what, you just wanted some Class 2 cells. 

The 

I'm sure you are 

They came 

He took them back and phoned us the next day and 

CISZBK: It would be interesting to hear more of the results on some of those 
space cells and sees how they really stack up terrestrially. 

ILES: I think the bottom line is they look very like these other cells; these 
are mainly 10 ohm-centimeter with a good back-surface field. 
to compare the 0.1, 0.2 ohm-centimeter concentrator-type cells. They are 
not very different in diffusion, gridding - -  all those things are very 
similarly done. We can get you some of them if you want to analyze them. 

It's hard 

RALPH: Here I'd like to pin you down, I guess' as you have heard, we all have 
put in bells and whistles and that type of thing to make our cells and we 
all can agree thht we could make like 17% with the bells and whistles we 
put in daily. What would you do different to get the 19% jump? In other 
words, there has to be something additional. Is it just resistivity 
change, or is it plus the passivation, or is it the material that's 
limiting it? What wc,?d you do different, what additional bells and 
whistles would you add? 

ILKS: At the moment, the matt-rial is the driving factor. To look very care- 
fully, you want to get 19% with high yield -- we are not talking about 
the best of the week or the best of the month. I think you have to 
divide the maximum diffusion length on the material and a reasonably high 
doping level. I don't think at the moment - -  the trade-off to having 
lighter doping and a back surface field is not quite competitive, but 
very clos6 rhea you get to thak level. It's not easy in production but 
quite feasible to make shaded areas at one sun less than 3%. I think 
that would be no big deal. It would be a little tricky for a while but 
not unfeasible. The coatings and everything else are fairly straight- 
forward. That's why I get so frustrated -- now we are talking about 
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production levels in a solar cell that is largely still hand production, 
but these processes are b d n g  automated for very large scales and, in 
different areas like the coatings, as you know, automated by different 
industries. The diffusion and the slicing and the polishing, all that 
stuff is well taken care of. So I think that the acswer is that it's 
just 8 matter of putting them together. I 
think it's sort of a weaselly answer, but my feelha is it's nice to use 
these nice materials, but if you are going to set up a production line, 
you look at the best aaterial you can buy in production quantities and 
then that sets your target as to what your line efficiency would be. 

It depends on the material. 

RALPH: Basically, is it a Green cell design or something different? 

ILES: It'i shallow-diffused, probably textured, if you are going to do some 
external cooling of some sort. 
coating and presence of contacts. And, I'll point out, without surface 
passivation, and without contact passivation I believe you cannot go over 
17% anyway. 

Probably textured with a multilayered 

RALPH: To get to 19% or so are you still going to have to surface passivateg 

ILBS: At 19% you are going to have to do surfacs passivation to get 'he 
voltage up and if you want to agree there consistnntly, you have to keep 
the contacts out of it. 

SCHRODER: In the quest for the high-efficiency ceil, in your view, what would 
be the three most important problems that you face today, or perhaw the 
most unknowns today? Hot 10 or 12, but the top three. 

ILES: I think the most important thing would be to find a process sequence. 
Well, first of all, choose the material, you have to choose the material, 
because that fixes your design, and there are several. competitive designs. 
The second is quite important that you pick a process sequence that 
can really take you up all tho way and not sort of falter as you go. 
don't need super-procossi-:g at each stage, bot you need ecch stage to be 
done very well, and I think you choose a seqaence maybe where these 
trade-offs are made. 
semiconductor device, and it's now you fit into the trade-off that 
matters. blow in the past, some of those trade-offs have been internal 
technology that -- like a guy has only a shadow mask, so he says I can't 
get very good shading areas so I'll make up for it, I'll do something 
else that's very clever, and I'll stress that I've got some advantage, 
even though I don't have a good process. 
to 19% or 20% you have to have everything working very well -- the whole 
sequence has to work very well. 

You 

There are isrtain trade-offs, as there are in any 

I think when you are getting up 

SIRTL: Peter, you made a fairly strong point un the material, of course, and 
the worst thing that could happen after the meeting is a strong inflow of 
arders to get the super-material, or something that would come near to 
it. X think I should coment a little more on that. On the one hand, 
when you get some extraordinarily good material on the float-zone eide, 
it bas to be a byproduct of a much larger portion on a productim scale. 
That's where the money hss to come from. So in every cas8, such a kind 
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of material would always be very limited. 
ported in terms of a project being made out of a long-range task to 
crrate, under any circumstances, such a super-material. But, on the 
other hand, if you remember, I made a strong point yesteriay OD the 
subject. of gettering. I think the science of gettering sti&l is i:. its 
tnrency. My expectations, at least, go stronger in this dirmtioo -- 
that: we would learn, over the years to come, a lot more about gettering 
And to handle matecial that can be produced under reasonable cost condi- 
tions and give it the final touch by the most appropriate gettering 
syrrt.em. And that, of course, has to var;. from one type of cell, or type 
of processiog, to another. 

Of courRe, it cotrld be sup- 

XES: I think that's a good point. It takea us a ~ a y  from the route of having 
to have clean rooms at every stage and building a whole extensive pro- 
cessing sequence. That's philosophically a nice approach. Do you think 
there's no chance of scaling-up for float-zone? 
large enough market nod, but supposing somebody said there was a yuar+.er 
of a gigawatt market. 

There is obviously not a 

SIRTL: I have my serious doubts with it, economically, thst this would ever 
be able to work. 

LOPERSKI: Peter, you made a rather stzong point, and I think I agree with it., 

I think my understanding of how the 
that the significance of what one has to do is to make it happen in the 
real world, on real-world matsrials. 
process might go is that on the one hand you have to understmd all the 
bits and pieces of how - - perhaps in the laboratory - - you would reach a 
20% level, which might translate in the real world to an '18% level. In 
that regard, perhapb the Cz material in its finest form might be capable 
of that kind of quality. The point about understanding what is required 
to get to the very highest level you can is also importan',, and in that 
sense -- having determined that -- now y m  attempt to apply that with the 
things that are available. 1 believe that is the next step that should, 
and perhaps will, tak.e place. The float-zone material you are putting 
all the load an the guy producing the material -- and the Czochralski, I 
think we are implying some sort of in-line gettering or updating or what- 
ever.  I think that's important. If ycu tell a manufacturing man "Here 
ia what we want you to make -- oh, by the way, you are not going to get 
t?at material, you are going to have to somehou or other in that sequence 
put a gettering thing in there," that's not fair to him. 
have to present him with the two options and see which he can produce. I 
think in a sense you are right, but I think the conception that was leld 
at the time when the high-efficiency work khat I am supporting was put io 
place vas simply: let us, in terms of understanding the details, remove 
as many of the roadblocks as we can. Let's work on the best material 
ava!lable to see what comes out. 
in the materials that are going to be limiting features, no matter how 
well you do the job, and no matter how good your understanding, you will 
be hindered by that. Perhaps after you understand what's required you 
then work your way around this one point, and knowing you might- get the 
answer is better than saying "We think we can get the answer. 
to find the way without knowing where the pitfalls might possibly be." 
We ere a little sensitivo, because we are like the guy wno can jump 7'9" 

I think you 

If you know you have a number of defects 

Let us try 
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but we can't tell anyone else how to jump 7'9". I'd hate to see a 
sprinter trying to jump 7'9". 

ILKS: When you-are talking about a 20% cell, you cannot put all the burden on 
material; I think your earlier coeeaent was well taken. 
important that we kuov how to make this 20% cell in the laboratory so 
that eventually one can optimize a cost or simplify later. 

So it's very 

SuMlSOly: Peter, we have seen in selected Czochralski wafers, 10 to 20 
obcentiaeter resistivit-y range, as high a lifetime as we have seen in 
float-zone, and that was about four years ago. It was very sporadic, and 
averaged more like 20 microseconds to 50 microseconds. I think today, 
perhaps, with much more understanding on controlling oxygen concentra- 
tion , that a serious effort to go back s??I try to learn how to get the 
lifetime up in Czochralski would be successful, in light of the better 
material today. 
beeo cptimized around generation lifetime considerations are simply not 
appropriate, and generally do not work when you are concerned with 
recombination lifetime in the bulk of the material. 

What we found is that the gettering procedures that have 

ILES: If you want to make fast-switching solar cells in good shape. 

A 
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PROCESS AND DESIGN CONS DERATIONS FOR HIGH-EFFICIEKCY SOLAR CELLS 

A. Rohatgi and P. Rai-Choudhury N8 5 3 ]t 6 4 I 
Westinghouse RbD Center 
Pittsburgh, PA 15235 

ABSTRACT 

This paper shows that oxide surface passivation coupled wit-.i optimum 
mulLi.layer anti-reElective coating can provide - 3% (absolute) tmpr ovement in 
sol;. cell efficiency. Use of single-layer AR coating, without passivation, 
gives cell efficiencies in the range of 15-15.5% on high-quality, 4 ohm-cm as 
well as 0.1-0.2 ohm-cm float-zone silicon. Oxide surface passivation alone 
raises the cell efficiency to > 17%. An optimum double-layer AR coating on 
oxide-passivated cells provides an additional - 5-10% improvement over a 
single-laver AR-coated cell, resulting in cell efficiencies in Cxcess of 
18%. Experimentally observed improvements are supported by mod?l calculations 
and an approach to 20% efficient cells is discussed, 

1. INTRODUCTION 

The idealized efficiency") of a silicon solar cell ;.s about 25%, 
assuming the best material and surface parameters achievable to date, although 
present day cells fall considerably short of this limiting value. This is 
largely a consequence of heavy doping effects, bandgap narrowing, and high 
recombination at and near the cell surfaces. The major prJblems of efficiency 
improvement fall in the above categories; however, there :ire additional design 
requirements for efficient contacts and antiref lective. crating. Although 
these areas are well understood, they ,re not trivial and must be optimiied 
consistent with the device structure. In this paper we will discuss the 
design, fabrication, and analysis of 18% efficient surface-passivated solar 
cells on high-quality, 0-1-0.2 ohm-cm float-zone silicon. Results on 4 ohm-cm 
silicon cells are also shown. Various electrical measurements, along with a 
simple theoretical model which uses internal recombir.ation velocity to assess 
minority carrier losses in various regions of the solar cell, are used to 
analyze the cell data and address the requirements for surface-passivated 20% 
efficient cells on low-resisitivity silicon. 
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2. CONSIDERATIONS FOR HIGH-EFFICIENCY SOLAR CELLS 

It is clear that high efficiency is a major attribute that will 
en ce the large-scale applicability of solar photovoltaic systems. Assuming 
5% reflector absorption losses, 1% mismatch losses, and 96% packing factor for 
rectangular cells, 20% efficient cells will be required for 18% efficient 
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modules. Current module e f f i c i e n c i e s  are about 12-13% i n  production. I n  t h e  
last two t o  t h r e e  yea r s ,  s o l a r  ce l l  e f f i c i e n c i e s  have been i n  t h e  range of 14- 
-173, evea a t  rhe, ,&earch l e v e l ;  however, recent breakthroughs have occurred 
i n k i n g l c - & ~ a l  'cell ef f i c i ency  a t  t h e  r e sea rch  l e v e l .  C e l l  e f f i c i e n c i e s  i n  
the range of 17-19.1: have been r epor t ed  by s e v e r a l  i n v e s t i g a t o r s  (Table 1). 
To achieve 20% or greater e f f i c i e n c y  cells, a cons ide rab le  amount of f u r t h e r  
r e sea rch  w i l l  be r equ i r ed  i n  t h e  areas of:  

0 Material and carrier l i f e t i m e  improvements 
0 Process development 
0 Design improvements such as s u r f a c e  p a s s i v a t i o n ,  reduced heavy 

0 Tandem cells 
doping, and m u l t i l a y e r  AR c o a t i n g  

Module e f f i c i e n c i e s  can be f u r t h e r  enhanced by: 

0 Improved packing f a c t o r  
0 Reduced r e f l e c t i o n  l o s s e s  from the  glass 
0 Reduced in t e rconnec t  l o s s e s  
0 Reduced mismatch l o s s e s  by neat-uniform ce l l s  

2.1 Material and Carrier Lifet ime Co..siGerzLions 

High cuirk: Lifetime is d e s i r a b l e  because i t  improves both J,, and 
The best measured l i f e t i m e  valued i n  z € l i c o n  t o  d a t e  are on t h e  o rde r  of voc. 

1 msec, w e l l  beluw t h e  u l t i m a t e  value based on t h e  r a d i a t i v e  band t o  band 
recombination. Fossum et  a l .  ( have hypothesized a vacancy-related 
fundamental d e f e c t  i n  s i l i c o n  c rys ta l s  which limits t h e  l i f e t i m e  i n  nondegen- 
erate s i l i c o n .  Based on our  experience,  i t  is d i f f i c u l t  t o  d e t e c t  any deep- 
l e v e l  d e f e c t  i n  good-quality s i l i c o n  even with the  h e l p  of t h e  most s e n s i t i v e  
techniques,  such as deep-level t r a n s i e n t  spectroscopy,  t h a t  are a v a i l a b l e  
today. There is some concern about t h e  accuracy of t r u e  l ifetime o r  d i f f u s i o n  
l eng th  measurements, e s p e c i s l l y  when d i f f u s i o n  l eng th  becomes g r e a t e r  than the  
base width. 

I n  Table  1, use of vet-y h€gh-quality low- res i s t€v i ty  (0.1-0.3 ohm-cm) 
float-zone s i l i c o n  was a key f a c t o r  i n  17-19.1% e f f i c i e n t  c e l l s  f a b r i c a t e d  by 
Westinghouse, S p i r e  Corp., and t h e  Un ive r s i ty  of New South Wales. It is not 
clear why t h e s e  c r y s t a l s  are much b e t t e r  or  less se. ' t i v e  t o  process-induced 
l i f e t i m e  tiegradatton compared t o  the  ma jo r i ty  of lo& b i t i v i t y  Czochralski  
o r  f loat-zone crystals.  Therefore ,  t h e r e  is a need .. rden t i fy ,  understand,  
and minimize t h e  l i f e t i m e - l i m i t i n g  c e n t e r s  and de-relop more r e l i a b l e  
techniques f o r  measuring t r u e  base d i f f w f o n  l eng th  and s u r f  ace recombination 
v e l o c i t i e s .  

2.2 Process Conslderat  i ons  

High carrier l i fe t ime i n  t h e  s t a r t i n g  s i l i c o n  becomes academic i f  
processing in t roduces  new d e f e c t s  and unwanted impur i t i e s .  S p e c i a l  care must 
be taken during s u b s t r a t e  c l ean ing ,  and f avorab le  g e t t e r i n g  ambients 
c o n s i s t i n g  sf "Oca3 and HCll gas should be u t i l i z e d  whenever poss ib l e .  Slow 
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J 
d ' i C D l 2  

36.0 
36.5 

36.2 
36.0 

35.9 

34.9 

33.0 

34.0 

35.1 

36.0 

V 
mvc 

625 
610 

600 
627 

627 

64 3 

653 

624 

623 

6 53 

Table 1 

Some Recent High-Efficiency S i l i c o n  Solar  Cells 
Tested Under One Sun AM1 I l l umina t ion  

FF 

.805 

. J75  

.793 

.800 

.800 

.813 

- 

.810 

.820 

.780 

-811 

rl 
% 

18.1 
17.2 

17.2 
18.1 

18.1 

18.1 

- 

17.5 

17.6 

17.1 

19.1 

S u b s t r a t e  
R e s i s t i v i t y  

ohm-cm 

0.15 
10.0 

4.0 
0.2 

0.3 

0.2 

0.3 
Con ce n t  rat  o r 
C e  11 

0.3 
Concent r a t o r  
C e l l  

0.3 

0.1-0.3 

Source 

Applied S o l a r  Energy 
Corporaton 

Westinghouse 
West inghouse 

S p i r e  Corporation 

Un ive r s i ty  of Ne% South 
Wales, A u s t r a l i a  

Sandia Nat ional  
Laborat or ies 

Applied S o l a r  Energy 
Corporat ion 

C a t h o l i c  Un ive r s i ty  of 
Leuven, Belgium 

Unive r s i ty  of New South 
Wales, A u s t r a l i a  

cool ing and gradual  wafer withdrawals from t h e  fu rnace  could a l s o  be important 
i n  p re se rv ing  t h e  l i f e t i m e  of t h e  s t a r t i n g  material. 

2.3 Design Considerat ions 

I f  a very high carrier l i f e t i m e  cannot be obtained i n  t h e  f i n i s h e d  
cel l ,  then a c l e v e r  ce l l  design can s t i l l  g i v e  
suggested by recent  model c a l c u l a t i o n s  of Sah, 
con be r e a l i z e d  with a base l i f e t i m e  of 20 wecs provided t h a t  c e l l  t h i ckness  
is reduced t o  50 pm and the  back-surface f i e l d  i s  XI pm deep wi th  ND of 5 x 
! Wolf 's( '1 design c r i te r ia  fo r  very high-ef f i c i ency  cel ls  inc lude  
equa l  impurity concen t r a t ion  i n  t h e  base and emitter up t o  t h e  onset  of heavy 
doping e f f e c t s ,  coupled with reduced s u r f a c e  recombination v e l o c i t i e s  on t h e  
o rde r  of 10 cm/sec. 

~ m ' ~ .  

I n  t h i s  paper our own model c a l c u l a t i o n s  show t h a t  a combination of 
design f e a t u r e s  such as s u r f a c e  p a s s i v a t i o n ,  reduced heavy doping, and 
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m u l t i l a y e r  AR c o a t i n g  c m  g t v e  - 20% e f f i c i e n t  cel ls  on 0.1-0.3 ohm-cm f l o a t -  
zone s i l i c o n  wi th  base  d i f f u s i o n  l e n g t h s  i n  t h e  range  of  150 t o  200 microns.  

3. MODEL CALCULATIONS 

We have developed a s i m p l i f i e d  a r ? a l y t i c a l  model t o  p rov ide  g u i d e l i n e s  
f o r  maximizing V a d c 11 e f f i c i e n c y .  This model, which is  d e s c r i b e d  
e l sewhere  in d e t a  Of 1 , q 2 s 3 3  i n c l u d e s  t h e  e f f e c t  o f  bandgap nar rowing ,  Auger 
recombina t ion ,  and recombina t ion  a t  t h e  cel l  s u r f a c e s ,  bu t  i t  n e g l e c t s  t h e  
e lectr ic  f i e l d  e f f e c t s  r e s u l t i n g  from t h e  g r a d i e n t  of  doping  concent ra -  
t i o n ~ . ( ~ ~ ~ )  
t i o n  v e l o c i t y  (S ) i n  any r e g i o n  of t h e  ce l l  u s i n g  s u r f a c e  recombina t ion  
v e l o c i t y  ( S o ) ,  d f f f u s i o n  l e n g t h ,  c e l l  wid th ,  and doping  d e n s i t y  as i n p u t  
parameters .  The solar c e l l  is d i v i d e d  i n t o  s e v e r a l  small e l emen t s  and S i s  
c a l c u l a t e d  i t e r a t i v e l y  from t h e  s u r f a c e s  toward t h e  j u n c t i o n  u s i n g  the  
f o l l o w i n g  equa t ion :  

With t h e  h e l p  of t h i s  model we can c a l c u l a t e  i n t e r n a l  recombina- 

where W is  t h e  wid th  of t h e  e lement ;  (S1, N 1 ,  AVG1) and (S2, N2, AVG-. are t h e  
recombina t ion  v e l o c i t y ,  doping  d e n s i t y ,  and t h e  bandgap nar rowing  a t  t h e  two 
boundar ies  of t h e  e lement ;  and D and L a r e  t h e  d i f f u s i v i t y  and d i f f u s i o n  
l e n g t h  cf t h e  m i n o r i t y  carriers w i t h i n  t h e  element .  
e q u a t i o n s  t o  c a l c u l a t e  d i f f u s i v i t y  d ‘  f u s i o n  l e n g t h ,  and bandgap nar rowing  

The model u s e s  e m p i r i c a l  

p r i m a r i l y  from t h e  doping  d e n s i t y .  klf  
Examples of i n t e r i l a l  recombina t ion  v e l o c i t y  p l o t s  are shown i n  F i g u r e s  

1 and 2. F i g u r e  1 shows t h e  c a l c u l a t i o n s  f o r  4 ohm-cm c e l l s  wi th  a base  
d i f f u s i o n  l e n g t h  of 4OC urn, and F igure  2 i s  f o r  0.1-0.2 ohm-cm cel ls  w i t h  3 
base  d i f f u s i o n  l e n g t h  o f  168 Pm. Each f i g u r e  i n c l u d e s  t h e  c a l c u l a t i o n  f o r  
t h r e e  d i f f e r e n t  back-sur face  f i e l d  (BSF) and emitter d e s i g n s ,  namely: a )  no 
s u r f a c e  p a s s i v a t i o n ,  b )  s u r f a c e  p a s s i v a t i o n  where S o  is reduced t o  500 cm/sec,  
and c) s u r f a c e  p a s s i v a t i o n  p l u s  reduced he 
c o n c e n t r a t i o n  h a s  been lowered from 2 x 10” cm-’ 60 10 cm Bo a t  t h e  
me ta l  and b a r e  s i l i c o n  s u r f a c e  is assumed tc  be 10 cm/sec and 10 cm/sec, 
r e s p e c t i v e l y .  A j u n c t i o n  d e p t h  o f  0.3 urn and a BSF wid th  of 0.5 urn were 
de termined  by s p r e a d i n g  r e s i s t . -nce  measurements on t h e  a c t u a l  cells .  
Exponent ia l  doping p r o f i l e s  are assumed i n  t h e  d i f f u s e d  r eg io l i s ,  and t h e  
doping  d e n s i t y  a t  t h e  e i t t e r  d e p l e t i o n  b undary i n  F i g u r e s  1 and 2 h a s  been 
e s t i m a t e d  to be 1 x 10” ~ m ’ ~  and 3 x 10’’ ~ m - ~ ,  r e s p e c t i v e l y .  

y do i n g  wh fFje tlq s u r f a c e  dopant  

Using t h e  v a l u e s  of t h e  i n t e r n a l  recombina t ion  v e l o c i t i e s  a t  t h e  
d e p l e t i o n  r e g i o n  boundar ies  i n  F i g u r e s  1 and 2,  t o t a l  r e v e r s e  s a t u r a t i o n  
c u r r e n t  (Jo) f o r  any case can  be c a l c u l a t e d  a c c o r d i n g  to :  

2 (+ + *) S 
N Jo = Job + Joe = q n i  

A D 
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Figure 1. Model c a l c u l a t i o n s  and i n t e r n a l  
4 ohm-cm base cel ls  with a base 
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recombination v e l o c i t y  p l o t s  f o r  
d i f f u s i o n  l eng th  of 400 microns. 
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Figure 2. Model c a l c u l a t i o n s  and i n t e r n a l  recombination v e l o c i t y  p l o t s  f o r  
0.1-0.2 ohm-cm base cel ls  with a base d i f f u s i o n  l eng th  of 
168 micrcns. 

where J and J r ep resen t  t h e  base and emitter c o n t r i b u t i o n  of Jo and 
(SeJp, $1 and ?Ee e,  ND) are t h e  recombinatiori v e l o c i t y  and the  doping 
den 
r e spec t ive ly .  

t y  a t  t h e  d e p l e t i o n  region boundary i n  t h e  base and e m i t t e r ,  
F i n a l l y ,  Voc is  c a l c u l a t e d  from 

J 

,? 

P 

+i; 
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where Jsc is e i t h e r  es t imated or measured s h o r t - c i r c u i t  c u r r e n t  densi ty .  
Table 2 shows the  c a l c u l a t e d  Jo and Vo, f o r  va r ious  cell  des igns  i n  F igu res  1 
and 2. 

4. EXPERIMENTAL WORK 

Following the g u i d e l i n e s  of ou r  model c a l c u l a t i o n s ,  w e  f a b r i c a t e d  
oxide-passivated cells on high-qual i ty  a)  0.1-0.2 ohm-cm, boron-doped, (loo), 
15 m i l s  t h i c k  float-zone s i l i c o n  and b) 4 ohm-cm, boron-doped, (111) f l o a t -  + zone and d e n d r i t i c  web s i l i c o n .  
where the  n 
j u n c t i o n  depth of 0.3 Pm and a shee t  r e s i s t a n c e  of 60-80 ohm/square. 
back-surface f i e l d  was f a b r i c a t e d  by a 950°C boron d i f f u s i o n .  
f o r  p a s s i v a t i o n  was grown a t  800"C, which r e s u l t e d  i n  an oxide th i ckness  of - 100 A on t o p  of t he  n+ region aiid - 50 I\ on t h e  p+ su r face .  
t h i c k  s ing le - l aye r  AR c o a t i n g  was a p p l i e d  by a spin-on process  on t h e  
pas s iva t ed  cells. 
I n  s e l e c t e d  i n s t a n c e s  a double-layer AR c o a t i n g  was app l i ed  on t h e  oxide- 
pas s iva t ed  cells by a spin-on process.  The double-layer AR c o a t i n g  c o n s i s t s  
of 475 A T i 0 2  and 980 A S i 0 2  l a y e r s  on top  of 100 A p a s s i v a t i n g  oxide. 
TI-Pd-Ag cant,' ts were made on f r o n t  and back, and t h e  f r o n t  g r i d  design had 
a n  area covet ige of 2%. 

The b a s e l i n e  cell  s t r u c t u r e  was n+-p-p , + emitter was formed by a 85OoC POCi3 d i f f u s i o n  which r e s u l t e d  i n  a 
The p+ 

Thermal oxide 

About 600 A 

AR c o a t t n g  th i ckness  on the  ucpassivated cel ls  w a s  - 75C A. 

Both r e f l e c t i v i t y  and spectral  response measurements were performed 
over a wavelength range of  0.4 t o  1.1 v m  t o  o b t a i n  t h e  i n t e r n a l  quantum 
e f f i c i ency .  I n  s e l e c t e d  i n s t a n c e s ,  minor i ty  c a r r i e r  lifetime i n  t h e  cel ls  was 
measured by t h e  open-circui t  vo l t age  decay (OCVD) technique, where the  
i n j e c t t o n  c u r r e n t  was made equal  t o  t h e  s h o r t - c i r c u i t  cu r ren t .  

5. RESULTS 

Table 3 shows the  d a t a  f o r  t h e  4 ohm-cm f l o a t  -zone silicon c e l l s ,  with 
and w thout  oxide s u r f a c e  pas s iva t ion .  Without p a s s i v a t i o n ,  J,, is - 33 3 mA/cm , Voc is -580 mV, and ce l l  e f f i c i e n c y  is - 15%. 
passv ia t ed ,  t h  ce l l  e f f i c i e n c i e s  are i n  excess of  17%, wi th  Vo, - 600 mV and 
Jsc 36 mA/cm . Dark I-V m urements  showed t h a t  oxide p a s s i v a t i o n  reduces 
Jo by about a f a c t o r  of two. f'9 Quantum e f f i c i e n c y  p l o t s  i n  Figure 3 clearly 
show t h a t  f ron t -  and back-surface p a s s i v a t i o n  enhances the  s h o r t -  and long- 
wavelength responses of t he  ce l l .  QCVU lifetime i n  t h e  17.2% cells was 50 
usecs, corresponding t o  a d i f f u f i o n  l eng th  of - 400 vm, which was used in t h e  
model c a l c u l a t i o n s  i n  Figure 1 .  

With both s u r f a c e s  

5 

Table 4 shows the  d a t a  €or  t h e  pas s iva t ed  and unpassivated 0.1-0.2 

f t e r  oxide p a s s i v a t i o n ,  c e l l  e f f i c i e n c i e s  
ohm-cm bass ce.'ls. Unpassivated ce l l  e f f i c i e n c i e s  are - 15.5%, wi th  Jsc of 
31.5 mA/cm 
approach 17% with J, = 33 mA m an Voc = 627 mV. Dark I - V  d a t a  showed a 
decrease i n  Jo from 9.1 x IO-" A/c$ t o  5.0 x 
e f f i c i e n c y  p l o t s  i n  Figure 4 show t h a t  oxide p a s s i v a t i o n  on t h i s  low- 
r e s i s t i v i t y  s i l i c o n  i n c r e a s e s  only the  short-wavelength response,  but  has  
n e g l i g i b l e  e f f e c t  on the long-wavelength response. 

and Voc of 612 mV. 4 
A/cm*. Quantum 

OCVD l i f e t i m e  on these  
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Table 3 

Solar Cell Data on 4 ohm-cm Float-Zone 
Silicon With and Without Oxide Passivation 

With Single-Layer AR Coating 
'.* ! 

V Efficiency 
V O E S  Fill Factor x, 

J 
m&m2 

33.3 

33.4 

36.1 

36.2 

Cell ID 

WITHOUT PASSIVATION 

0.582 0.767 

0.582 0.780 

- 
' (  I 

I 

, 
1 

2 

14.8 

15.2 

WITH PASSIVATION 

HIEFk 
4-4 17.1 

17.2 

0.599 0.794 

0.600 0.793 
-1 

-5 

I 

i 

6 Without Oxide Passivation 

0 With Oxide Passivation 

20- 

10 
O l r : I r I l I l l  

Wavelength I nanometers) 

- 

425 525 625 725 825 925 1025 1125 

Figure 3. Internal quantum efficiency plots for a 15.2% unpsssivated cell and 
a 17.2% efficient oxide-passivated cell on 4 ohm-cm float-zone 
silicon. 

cells was 168 um,  which was used in the model calculations in Figure 2. 
Table 4 also 

spectral reflectivities on single-layer AR-coated 17% efficient cells and 
double-layer AR-coated 18% efficient cells. 

hows that double-layer AR coating increased J,, from 33 mA/cm2 
to - 36 mA/cm h and gave 18% efficient cells. Figure 5 shows the measured 
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Figure 4. Internal quantum efficiency plots for a 15.6% efficient 
unpassivated cell and a 16.9% efficient oxide-passivated cell on 
0.1-0.2 ohm-cm float-zone silicon. 

Curve 7471484 

%r-------l 
40 

10 

0 

- 

- 
Single Layer AR Coated 17%Cell /- 

Double Layer AR Coated 18.1 %Cell  - 

- 

0.4 0.6 0.8 1.0 1.2 
Wavelength (microns I 

Figure 5. Measured reflectivities of single-layer AR-coated 17% efficient 
cell and double-layer AR-coated cell. 

J 

Oxide-passivated cells were also fabricated on 4 ohm-cm dendritic web 
silicon crystals. Table 5 shows that without oxide passivation, good-quality 
web crystals give average efficiency of - 14.5%, but with oxide passivation 
the cell efficiencies are - 16%. As it. the case of 4 ohn-cm float-zone 
silicon $ells, an oxide passivation-induced 1 to 2% increase in web cell 
efficiency was associated with an increase in Jsc and VOc and a reduction in 
JO* 
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T a b l e  4 

S o l a r  Cel l  Data on 0.1-0.2 ohm-cm Float-Zone 
S i l i c o n  With and  Without  Oxide P a s s i v a t i o n  

* 
J E f f i c i e n c y  

d Z m 2  V k  F i i l  F a c t o r  x Cell  ID 
.. 
J 

WITHOUT OXIDE PASSIVATION 

31.8 0.613 0.8G2 
31.7 0.612 0.797 

c-2 
c-5 

15.6 
15.5 

16.9 
17.0 

17.6 
17.6 
18.0 
18.1 

WITH OXTDE PASSIVATION 

33.0 0.627 0.815 
33.2 0.628 0.815 

c-7 
C -8 

PASSIVATION AND DOUBLE-LAYER AR 

34.7 0.626 0.810 
35.1 0.624 0.803 
36.0 0.620 0.808 
36.0 0.627 0.800 

c-9 
c-10 
c-11 
c-12 

T a b l e  5 

S o l a r  Cell Lata on 4 ohm-cm G e n d r i t i c  Web 
S i l i c o n  With and Without  Oxide  P a s s i v a t i o n  

i ., .. . 

I 

J 
mi3 zm2 

32.7 
33.1 

34.6 
34.5 

v E f f i c i e n c y  
V O P L  F i l l  F a c t o r  x 

WITHOUT PASS I VAT ION 

0.575 0.782 14.7 
0.577 0.784 15.0 

Cell ID 
1 

W6 
w7 

WITH OXIDE PASSIVATION 

w1 
w2 

0.584 0.784 
0.586 0.794 

15.9 
15.8 

6. DISCUSSION 

T a b l e  2 shows t h a t  o x i d e  p a s s i v a t i o n  coupled  w i t h  c a r e f u l  c e l l  
p r x e s s i n g  c a n  produce  c e l l  e f f i c i e n c i e s  greater t h a n  17% (AMI) on h igh-  

T h i s  c o r r e s p o n d s  t o  a 18 mV i n c r e a s e  i n  Voc, 3 mA/cm 
2% improvement I ra  a b s o l u t e  cel l  e f f i c i e n c y  compared t o  t h e  u n p a s s i v a t e d  
cells. Model c a i c u l a t i o n s  i n  F i g u r e  1 a n d  T a b l e  2 f o r  t h e  4 ohm-cm b a s e  cel ls  
i n d i c a t e  t h a t  w i t h o u t  any s u r f a c e  p a s s i v a t i o n ,  Job and  Joe c o n t r i b u t e  a p p r e -  

q u a l i t y  4 ohm-cm f l o a t - z o n e  s i l i c o n ,  w i t h  Voc - 600 mV and J sc -  36 mA/cm 2 . 
2 i n c r e a s e  i n  Jsc, and 
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c i a b l y  t o  the  t o t a l  Jo; t h e r e f o r e ,  both f ron t -  and back-surface p a s s i v a t i o n  
become important i n  reducing J, o r  improving V 
t h a t :  a )  without any p a s s i v a t i o n ,  Jo = 9.4 pA/cm is 
569 mi'; b )  with f ron t - su r face  pas s iva t ion  a lone ,  J 
c )  with only back-,urface p a s s i v a t i m ,  Jo = 4.6 + 9 .5  = 6.1 PA; and d )  with 
both s u r f a c e s  pas s iva t ed ,  Jo = 5.6 PA, r e s u l t i n g  i n  a c a l c u l a t e d  V of S84 
mV. 
surfaces of a 4 ohm-cm c e l l  are pass iva t ed  and i ts  base d i f f u s i o n  lengLh is  
400 Iim. This is i n  very good agreement with the  experimental ly  observed 
inc rease  of 18 mV i n  Voc. 
a b f o l u t e  values of Calculated Voc are about 15 mV smaller thaq t h e  measured 
values .  This  d i f f e r e n c e  can be a t t r i b u t e d  t o  a number of assumptfons and 
est imated inpu t s  t h a t  went i n t o  the  model c a l c u l a t i c n s ,  e.g., s u r f a c e  
recombination v e l o c i t i e s ,  exponen t i a l  doping p r o f i l e s ,  d i f f u s i o n  l eng th  
qbtained by OCVD i i f e t i m e ,  and est imated doping d e n s i t y  a t  t h e  d e p l e t i o n  
region boundary i n  the emitter. More accu ra t e  values  of t h e  above parameters 
a r e  needed f o r  p r e c i s e  modeling; n e v e r t h e l e s s ,  such model c a l c u l a t i o n s  provide 
very u s e f u l  gu ide l ines  as t o  what should be done t o  which region of t he  s o l a r  
c e l l  i n  o rde r  t o  o b t a i n  high Voc. 

For example, Table  2 shows 
oc1 and the  ca1cu;ated V o  

= 7.9 + 1.0 8.9 p i ;  

Thus, model c a l c u l a t i o n s  p r e d i c t  an inc rease  of 15 mV i n  Voc ?f both 

However, i t  should be noted i n  Table  2 t h a t  t he  

F igu re  2 and Table 2 show a similar ca l cu la t io t i  f o r  a 375 bin t h i c k  
c e l l  on 0.1-0.2 ohm-cm s i l i c o n  with a base f f u s i o n  l eng th  of 168 pm. Unlike I 

p a s s iva t ion .  I n  a d d i t i o n ,  gob remained unchanged (0.15 pA/cm ) a f t e r  back- 
s u r f a c z  pas s iva t ion ,  because t h e  minority c a r r i e r  d i f f u s i o n  l eng th  i n  t h e  base 
is much smaller than the th i ckness  of t h e  base. Therefore ,  back-s-irface 
pas s iva t ion  i n  these  l o w - r e s i s t i J i t y  cel ls  becomes unimportant,  a rd  m l y  t h e  
front-surface pas s iva t ion  c o n t r i b u t e s  t o  the  i n c r e a s e  i n  Voce  
increase of 9 mV i n  Voc is i n  good agreement with the  observed i n c r e a s e  of 13 
mV, consider ing the number of model assumptions. Notice i n  Table  2 t h a t  t he  
ca l cu la t ed  values  of Voc a r e  i n  much b e t t e r  agreement (f 4 mV) wi th  the  
measured values  f o r  the l o w - r e s i s t i v i t y  cells .  This is probably tha r e s u l t  of > 
t he  b e t t e r  e s t i m a t e s  f o r  t he  model i n p u t s  f o r  t h i s  case. 

m base ce l l s ,  we measured a 3 mA/cm 

2 
t h e  4 ohm-cm cel ls ,  he re  Jo dominates Jo, df wi th  or  without s u r f a c e  

A c a l c u l a t e d  

2 I n  the  4 ohm improvement i n  Jsc 

i c  

-5 compared t o  1.5 mA/cm i n  the l o w - r e s i s t i v i t y  c e l l s  as a r e su lk  of oxide 
pass iva t ion .  This can a l s o  be expiained i n  terms of the d i f f e r e n c e  i n  the  
e f f e c t i v e n e s s  of back-surfece p a s s i v a t i o n  i n  t h e  two cells. In t h e  low- 

t h a n  one; t h e r e f o r e ,  reduced recombination a t  t he  back s u r f a c e  does not 
improve the  c o l l e c t i m  o r  quantum e f f i c i e n c y  nf t he  carriers generated by the  
long-wavelength photons near t h e  back s u r f a c e  (F igu re  4 ) .  i n  
the l o w - r e s i s t i v i t y  c e l l s  only results f rod f ron t - su r face  p a s s i v a t i o n ,  wh?$h 
enhances t h e  quantum e f € i c i e n c y  of t he  s n o r t  wavelengths (?i ,  re 4 ) .  I n  the  4 
ohm-cm base cel ls ,  (L/W) is much g r e a t e r  than one; t h e r e f o r e ,  w e  observe an 
improvement i n  sho r t -  ds well as long-wavelength response (Figure 3 ). 

- Y  r e s i s t i v i t l  c e l l s ,  d i f f u s i o n  l zng th  t o  c e l l  t h i ckness  r a t i o  (L/W) is much less t *- 

The improved J 

Table 4 shows t h a t  t he  u s e  of double-layer AI? coa t ing  raises the  low- 
res is t iv! ty  c e l l  efficiencies frcm 17% t o  18.1%. Single- layer  AR-coated 17% 
e f f i c i c a t  c e l l s  and double-layer AR-coated 18.1% c e l l s  on 0.1-0.2 ohm-cm 
float-zone i i l i c o n  were analyzed i n  d e t a i l  by spectral  response and 
r e f l e c t i v i t y  measurements. 
r e f l e c t i v i t y  of t he  two c e l l a  a s  a func t ion  of wavelength. The douhle-layer 
AR-coated c e l l  has smaller i n t e g r a l  r e f l e c t i v i t y  compared t o  the  s ing le - l aye r  

Figure 5 shows a comparison of the measu ed 
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AR-coated ce l l .  Hc l ever ,  a s  shown i n  F i g u r e  6 ,  t h e i t  i n t e r n a l  quantum 
e f f i c i e n c y  as a f u n c t i o n  of wavelength  is v i r t u a l l y  similar. It i s  imporcant  
t o  remember t h a t  i n  t h e  c a l c u l a t i o n  of i n t e r n a l  quantum e f f i c i e n c y ,  t h e  
e f f e c t s  of r e f l e c t i v i t y  a r t  removed; t h e r e f o r e ,  i d e n t i c a l  i n t e r n a l  quantum 
e f f i c i e n c i e s  imply t h a t  t h e  i n t e r i o r  q u a l i t y  of t n t  two ce l l s  i s  n e a r l y  t h e  
same. Thus, t h e  d i f f e r e n c e  i n  t h e  cel' e f f i c i e u c y  is p r i n z r i Z y  due t o  t h e  
d i f f e r e n c e  i n  t h e  r e f l e c t i v i t y  of  t h e  AR c o a t i n g s .  T h i s  is c o n s i s t e n t  w i t h  
thc ce l l  d a t a  i n  Tab le  4, which shov t h a t  t h e  - 2 t o  3 mA/cm2 i n c r e a s e  i n  
s h o r t - c i r c u i t  c u r r e n t  is t h e  main r eason  f o r  i n c r e a s e d  ce l l  e f f i c i e n c y  from 17 
t o  18.1%. 

Tab le  2 a l s o  shows model c a l ~ w l a t i o n s  for a c e l l  d e s i g n  w i t h  reduced 
heavy doping  i n  t h e  emitter and t h e  BSF r eg ions .  I n  t h i s  d pan t  
c o n - e n t r  t i o n  a t  t h e  s u r f a c e s  has  beer  reduced from 2 x loLo cm 

base  c e l l  g i v e s  a d d i t i o n a l  imrrovement c f  on ly  8 mV ( 5 9 2 - 5 8 4 )  i n  V , but  i n  
t h e  l o w - r e s i s t i v j  t y  c a s e  t h e  c a l c u l a t e d  improvement i s  48 mV (673-8551, 
n e g l e c t i n g  t h e  d r i f t  f i e l d  e f f e c t s ,  T h i s  i s  beca-lse reduced heavy doping  i n  
t h e  BSF r e g i o n  does not  change Job ve ry  nuch, but  reduced dop ing  i n  t h e  
emitter lowers Joe by more than  an o r d e r  of magnitude (Table  2 ) .  
Voc of t h e  ox ide -pass iva t ed  4 ohm-cm c e l l s  is  c o n t r o l l e d  by Jo , reduced heavy 

-3 t o  ern-'. It is ' n t e r e s t i n g  t o  n o t e  t h a t  reduced heavy Coping in a 4 ohm-cm 

S ince  t h e  

I -0- Single-Layer AR-Coated 17% Efficient Cell \ 

. -  [[\I I I ]  

I -0- Single-Layer AR-Coated 17% Efficient Cell \ I "  

l , , l ,  I 
R5 615 95 615 775 875 915 1075 

Wavelength (nanometers I 

F i g u r e  6, I n t e r n a l  quantum e f f i c i e n c y  ve r sus  wavelength p l o t s  f o r  a 17% 
e f f i c i e n t  s i n g l e - l a y e r  AR-coated c e l l  and an 18.1% e f f i c i e n t  
double- layer  AR-coated cell .  

doping  has  l i t t l e  e f f e c t  on V C. 

ce l ls  is c o n t r o l l e d  by J 
i n c r e a s e s  Voc ve ry  s i g n i ? % n t l y .  T h e r e f o r e ,  u s e  of m u l t i l a y e r  AR c o a t i n g  ?-id 
reduced heavy doping  can make t h e s e  l o w - r e s i s t i v i t y  s u r f a c e - p a s s i v a t e d  c e l l s  
(Table  4) 20% eff ic ient  wi th  Vo of 675 mV, Jsc of  36 mA/cm , and fill f a c t o r  

t h e s e  l o w - r e s i s t i v i t y  c e l l s  w i l l  become base - l imi t ed  (Jo >> .Toe). h e r e f o r e ,  

w i l l  have t o  be reduced or h i g h e r  base  d i f f u s i o n  i eng th -  w i l l  be i q u i r e d .  
Some exper iments  are be ing  conducted t o  v e r i f y  t h i s  model des ign .  

The Voc of oxide-pas>iva ted  0.1-0.2 o t r  - 
' & e r e f o r e ,  reduced heavy doping  i n  t h e  emit ter  

2 

of 0.82, C a l c u l a t i o n 6  i n  T a b l e  5 p o i n t  o u t  t h a t  a t  20% e € f i c i e , l .  I ,  v - c  of 

i n  o r d e r  t o  o b t a i n  g r e a t e r  t h a n  20% e f f i c i e n t  c e l l s ,  e i t  k er base t h i c k n e s s  
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Consis tent  with our model c a l c u l a t i o n s ,  w e  were a b l e  t o  improve open- 
c i r c u i t  voltage and s h o r t - c i r c u i t  cu r ren t  by oxide p a s s i v a t i o n  of t h e  cell 
surfaces .  Oxide-passivated c e l l  e f f i c i e n c i e s  on 4 ohm-cm as w e l l  a s  0.1-0.2 
ohm-cm float-zone s i l i c o n  were 17% compared t o  15  t o  15.5X v i t h o u t  s u r f a c e  
passivat ion.  Use of doeible-layer AR coa t ing  r a i s e d  t h e  l o w - r e s i s t i v i t y  ce l l  
e f f i c i e n c i e s  f r o a  17% t o  13.1%. In 4 ohm-cm cel ls ,  both f ron t -  and back- 
surface pass iva t ion  was imp r t a n t ,  and t h e i r  combined in f luence  inc reased  Voc 
by 18 mV and Jsc by 3 d / c m  . I n  0.1-0.2 ohm-cm cel ls ,  where d i f f u s i o n  l eng th  
was much smaller than t h e  cel l  ' -hickness,  back-surface p a s s i v a t i o n  d i d  not 
help s i g n i f i c a n t l y .  Ir. t hese  c e l l a ,  V went up by 13 mV and J i n c e a s e d  by 
1.5 &/cui2. Our model c a l c u l a t i o n s  in%ca te  t h a t  i n  l o w - r e s i s t f h t y  cel ls ,  
Joe dominates Jo; t h e r e f o r e ,  b a c k s u r f a c e  p a s s i v a t i o n  does not improve Voc. 
However, f ront-surface p a s s i v a t i o n  reduces J and improves t h e  s h o r t -  
wavelength response q u i t e  s i g n i f i c a n t l y .  
oxide pas s lva t ion  coupled with reduced heavy doping i n  the  emicter  can g ive  a 
very s u b s t a n t i a l  i n c r e a s e  i n  Voc i n  t k e  l o w - r e s i s t i v i t y  r-11s wi th  
e f f i c i e n c i e s  of 2 G X .  

s 

ho8el c a l c u l a t i o n s  l n d i c a t e  t h a t  
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CISZEK: Ajeet, could you cocent whether there is any influence on the 
process or the temperature of the oxidation that you use to create your 
pass.vation -- on the effectiveness of it? 

WIWTGI: Yes, that's e very good question. That passivating oxide is not so 
easy to grow, because first of all you are growing it on a highly doped 
surface. It is not like growing an oxide on a silicon wedge, as you do 
in CKlS. So the quality is very critical and the thickness control becolses 
difficult, especially when you ace making such types of cells, because 
the oxidation rates on n+ and p+ are very different. 
oxidation rate is about three times faster than on the p+. 
very critica' ,bat you proccss your device under well-controlled condi- 
tions for the oxidation stsp. 
in-house, beca. 3 8  it is very sensitive to the processing condition. The 
thickness there is very critical. 
find out that you have exceeded the oride thickness that is optimum for 
the passivation and the advantage that you are going to get from anti- 
reflection coating. But if it is very thick you are going to get hurt in 
reflection losses. 

On n+ the 
So it is 

You almost have to tailor the oxidation 

If you are off by 30 to 40 seconds you 

WILSTBIN: Basically, what I want to do is to confirm s m e  of the hydrogen 
passivation work that Steve and Ajeet have talked about. We also have 
passivated a string of cells. 
ace made on web. I presented most of this at the IEHE meeting, but we 
have some further data. 
ciency, I tdink is very important. All of this is published, and will be 
out in the IEEE Proceedings. But basically, if you look at some of the 
not-even-so-good cells, you see a 1.5 efficiency. The numbers are hard 
to read. You will see full one point efficiency improvements on some of 
the others, again, CJ cells that were not all AB-coated. We have also 
looked at the spectral-response data. 
we t o o k  a l ook  at soam of ours, and I'll show you two unpassivated cells 
that we did. Here is cell 10. which was passivated, and here is cell 3, 
which was not passivated, and if I can line them up we find that for one 
of the cells the response, in fact, improved; for the other, it did not 
chan,e very mucu from virgin cells that had not been passivated in any 
way. The upper curve is cell 5 and the lower curve is again cell 10, 
passivated, and you can see that there has been virtually no change 
there. 
a one-shot result, it's been seen by more groups than one. The question 
is, what's going on, and are xe going to work on that problsm? I might 
point out that we have an erperimeni. in progress too. 
of web, one as-received, and after about a 30-lsinute implant, pumping as 
much hydrogen as we could, we sent it off to NBS to have them look at it 
with neutron activation to try to locate hydrogen in the sample. 

These were provided by Bob Campbell; they 

The point that M e e t  made on improving effi- 

When Ajeet mentioned his results 

So the hydrogen passivation clearly is doing things and it is not 

We took two pieces 

QUESTION: Just to follcbw up on what you said, we 0180 have attempted to find 
out where the hydrogen is located by neutron rCponance reaction technique, 
where we come with nitrogen IS, which reacts very stropgly with hydrogen 
gac. This -8surement was done at the University of Western Ontario, by 
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Professor Tong, and what we found was that 5 ppm hydrogen is present 
right at the surface, and this concentration goes down to about 1 pper 
when you are 1,000 A deep. 
1 poa. so we were not sure whether we had hydrogen beyond 1,000 A ,  
which is well within the emitter depth that we have. 
able to detect hydrogen at least as deep as 1,000 8 ,  and it could be 
beyond that. 

Unfortunately, the detection limit is only 

So we have been 

Bho: Meet, in all of your data on that material with the hydrogen passivation 
and all the other data that other people have presented, I think you have 
one piece of data where you show the efficiency before AB coating and 
then after AR coating. I think, if I'm not wrong, the rest of the d.ta 
including the one Joe presented just now don't sbow what happens aftzr 
the AR coating. Looking at your data, the AR coating only iarproves by 
about 36% in your hydrogen-passivated cell, which is much lower than the 
43% that you are talking about. 

ROHATGI: There is a very good reason for that, because this AR coating was 
applied after the cell was finished, and when you try to spin the AR 
coating with the grid lines you never get the kind of improvement that 
you get when you put on the AR coating without the grids -- because when 
you are spinning it, you don't get the same thickness of AB coating near 
the grid lines. 

RAO: So you enticipate that you will be able to get the 40% to 43% improvement 
with AB coating on the hydrogenated cells? 

ROHATGI: No, this erpariment was not done for that. I think we will have to 
modify our process sequence a little bit. 
implantation at a different stage; we will not do it at this stage. It 
m y  be even more interesting to find out that hydrogen-ion implantation 
really works from the back, and this is another reason for looking into 
that. That way we don't have to do anything to the front. 
the whole cell and before you put on the back metal you hit the cell with 
hydrogen-ion implantation and then put on the back metal. So you have to 
play some clever games with cell processing when you get to this stage. 

Ue will have to do hydrogen-ion 

You finish 

TUWEP: Your optical optimization calculation implied that you were using an 
oxide layer that was only 100 thick. Was that really what you usedT 

ROHATGI: For the oxide passivation, that's the lowest layer, which is the 
Then on top of that we put 475 A of Ti02 and then passivating oxide. 

on top of that we have 986 A of Si02. 

TUBER: But you got good passivation out of 100 A of oxide, and that's very 
good. 

BOHATGI: You don't watt to go thicker than that -- otherwise it's going to 
hurt you i n  the reflection losses. 

SAKIOTIS: I don't know if I missed i t  or not: did you mention the area cf 
these cells you discussed? 
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BoHAlGI: Most of the cells are 1 x 1 cm; we are now making cells that are 
4 cm square. 

SbltIOTIS: Do you have any results on the larger ones? 

BOHATGI: Yes, larger ones are 3ot quite as good. The 18.1% cell that you saw 
is 1 I 1 but the larger one is about 17.8. 
But they are not more than 4 cm square in any caae. 

So we have some difficulty. 

LBSK: The nuclear people at Westinghouse have reported that above a few times 
of 
doping at l0ld I'm wondering if anybody has looked at the possibility 
that hydrogen implant at these levels may be removing something from the 
surface area that may have been hurting us in improving the character- 
istics. 

hydro en, there is loss of hydrogen at the surface, and you are 

ROHATGI: Okay, i f  ue did the reflectivity measurement to see if we have modi- 
fied the surface in any sense and -- in at least reflective measurement 
within what we have - -  done anything drastic to the surface, the reflec- 
tivity we did before and after the implantation was identical. But we 
are not sure if we are removing anything, and that's a very good point. 
We should really do the spreading with this measurement to see if we have 
actually taken something off and our surface dopant concentration has 
changed. 

QUESTLOW: May I make just a short colsment? I have worked with h drogen 
implantation years ago using high energy and pumped in at 10 1s . It is 
my expertence tf you go that high that hydrogen forms bubbles in silicon, 
so if you go to lower energy then it's most likely that you remove some 
from the surface. 

ROHATGI: That's a good coapment. I don't think we know the answer to what we 
have inside our cell at this point. Ue don't know where the hydrogen is 
located or if it has formed any bubbles. We are 'ust trying to do more 
measurements to find out more about it. 

YOO: What is your oxide passivation temperature and time, roughly? 

ROHATGI: It's a low-temperature oxide, it's about 8OO0C, and the time you 
have to set depending on what kind of dopant surface concentration you 
have, because oxidation rate, a8 I mentioned, is a function of how heavy 
doping you have. So there is no real fixed time. If you are working 
with low surface doping concentration, you Lave to go to longer times. 
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PKOCtSSING TELHNOLOLY FOR HIGH EFFICIENCY SILICON SOLAR CELLS 

M. 6. Spitzer  and C. J. Keavney 
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ABSTRACT 

Recent  advances in silicon solar ce l l  processing have led to a t ta inment  of 
conversion efficiency approaching 20%. In this  paper we review the  basic ce l l  design 
investigated at Spire ana indicate fea tures  of grea tes t  importance to achievement  of 20% 
efficiency. W e  discuss In detitil experiments  to separately opt imize high efficiency design 
fea tures  in t e s t  s t ructures  and discuss t h e  integration of t . m e  fea tures  in a high 
eff ic iency cell. In this  work, ion implantation has  been used to achieve  m t i m a l  
concentrations of e m i t t e r  dopant and junction depth. The optimization ref lec  7 ,  t h e  
trade-off between high sheet  conductivity, necessary for  high fill factor, and heavy doping 
effects ,  which must be minimized f o r  high open c i rcu i t  voltage. A second important  
aspec t  of our  design experiments  is t h e  development of a passivation process to minimize 
front  sur face  recombination velocity. We indicate  t h e  manner  in which a thin S i 0 2  
layer may be used for  this  purpose, without increasing ref lect ion losses, if t h e  
antireflection coat ing i s  properly designed. W e  a lso present  detai ls  of prccessirig intended 
to reduce recombination at t h e  c o n t a c t h i  interface. D a t a  on ce l l  performance (including 
22 and ribbon) and analysis of loss mechanisms a r e  presented. U'e conclude with a 
discussion of t h e  u l t imate  performance t h a t  may b e  achievable with th i s  t ype  of 
processing. 

The a t ta inment  of 20% conversion efficiency in  flat-plate Si solar cel ls  i s  presently 
t h e  goal of tne National Photovoltaics Program (1). To this  end, w e  have  been conducting 
research on t h e  ion implanted Si cell. This vork recent ly  led to t h e  achievement  of 
conversion efficiency of 18%, and efficiency aCproaching 20% appears  possible in the  near  
fu ture  (2,3). In this  paper, w e  review t h e  results to d a t e  with emphasis on ce l l  processing 
aspects, and w e  indicate  t h e  device design and ce l l  processing techniques t h a t  appear  
necessary for  achievement  of t h e  national goal. 

The high efficiency ce l l  process to  be discussed is based on t h e  use of high l i fe t ime 
f loat  zone Si. This mater ia l  was selected owing to superior minority ca r r i e r  l i fe t ime over  
a broad resistivity range. One  promising a l te rna t ive  i s  t he  use of Czochralski silicon, 
whicn will be fe.-sible if modest diffusion length (-200pm) c a n  be achieved in low 
resistivity wafers. Many aspec ts  of t h e  techriiques to be presented a r e  applicable t o  
polycrystalline mater ia l  as well, with conversion efficiency commensurate  with t h e  
diffusion length in such material. We will report in this  pzper on the  application of some 
of our  processing techniques to shee t  materials. 
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The junction formation technique to be  discussed is based on ion implantation and 
thermal  annealing. As was shown in a recent  paper, t h e  ion implantation process allows 
one to reproducibily adjust t he  emi t t e r  dopant concentrat ion to near  opt imal  values (4). 
In addition, t h e  thermal  anneal process can  provide a passivating sur face  oxide if oxyeen 
is admi t ted  to t h e  gas  stream. The versatility of this junction formation technique has 
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I made possible rapid progress in emi t t e r  design. 
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In order  to gain a be t t e r  understanding of the  loss mechanisms operating in cu r  
developmental cells, w e  have used a solar cel l  modelling code developed at Brown 
University by one of the  authors  (5). The results of the modelling will be provided where 
appropriate throughout this  discussion. The one-dimensional model is described in de ta i l  
in re ference  5, and will only briefly be described here. 

The modelling code  evaluates  the  analyt ic  solution of t h e  inhomogeneous diffusion 
equation which w e  assume governs minority car r ie r  transport in t he  quasi-neutral emi t t e r  
and base of the  solar cell. The quasi-neutral regions a r e  assumed to te rmina te  at t h e  
space-charge region on one  side, and at a minority car r ie r  mirror (character ized by a 
surface recombination velocity) at t h e  o ther  side. The analyt ic  solutib,n for  t he  sum of 
the diffusion cur ren t  and a space-charge region light-generated current  is integrated over  
the  solar spectrum to obtain short circuit cur ren t  (Jsc). ?pen circui t  voltage (V,) and 
efficiency. In addition, provisions have been made for  f ront  sur face  reflection loss, 
shadow loss, reflection from a back surface mirror, and light-trapping (6). 

The equilibrium minority car r ie r  concentrat ions a r e  calculated using Fe rmi  
statistics. The rigid band approximation is used to ca lcu la te  t he  effects of band gap  
narrowing. Position dependence of doping, mobility, and l i fe t ime a r e  not included in this  
model and this limits t h e  agreement  between calculated and measured spectral  response 
for short wavelengths. Nevertheless, we a r e  able  to achieve reasonable agreement  with 
most other  measurement data. 
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In the  next section, we discuss t h e  selection and character izat ion of t h e  silicon 
used in our work. W e  follow this with a discussion of emi t t e r  design and fabrication, 
including the  importance of surfac? passivation and ohmic con tac t  design. The  results of 
this  work indicate the  significance of high base minority car r ie r  lifetime, and we report  
on new results from a n  investigation of the  effects of ceU processing on diffusion length. 
We conclude with a description of t h e  cel l  design that we a r e  pursuing for a t ta inment  of 
20 % conve:sion efficiency. 

SELECTION OF SILICON 

I t  is well known tha t  fabrication of superior silicon cel ls  based on conventions' p/n 
junction designs requires silicon of the highest minority car r ie r  l i fe t ime (7). Developr,ient 
of a particular design and precess sequence requires knowledge of t h e  post-process 
lifetime; such da ta  d r e  of particular importance to the  selection of base resistivity. For  
this reason, we investipa' 2 :  post-process l i fe t ime of a variety of float zone slices. 



Back strface field (BSF) ce l l s  were  fabricated using a simple baseline process (L, 
from float zone slices obtained from Wacker and elsewhere. No ant i ref lect ion (AR) 
coatings :ere xed.  Figure I repl icates  diffusion length d a t a  obtained by t h e  method of 
Stokes Y i Chu (9) from quantum efficiency (QE) measurements  of completed ceik- The 
triangular data points indicate  Wacker WASO-S slices. The square data points a r e  
Czocilralski slices. Cell da ta  is indicated in Table  1. I t  can  be seen tha t  AMI conversion 
efficiency is about  lO-ll% for  t he  WASO-S mater ia l  of each  resistivity. In order  to 
determine how efficiency might be improved, we examined loss mechanisms in detail. In 
this  w a y  we were able  to make significant improvements to the  baseline process. 
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RESISTIVITY (52-cm) 

FIGURE 1. DIFFUSION LENGTH AS A FUNCTION OF RESISTIVITY. The dot ted  line 
indicates  t he  functional dependence of LD upon ;JA t ha t  is assumed in 
our theoret ical  calculations. 



TABLE 1. CELL PERFORMANCE DATA FOR Si EVALUATION EXPERIMENT 

RES. 
CROUP CKADE (Qcni) - 
A cz 0.17 

a FZ 0.26 

c WASO-S 0.18 
(FZ) 

D WASO-S 0.33 
(FZ) 

E WASO-S 2.1 
(F 2) 

F WASO-S 10 
(FZ) 

C WASO-S 10 
(FZ) 

H FZ 0.32 

I c z  0.027 

J cz 0.0 I2 

18 

I09 

I39 

I54 

212 

462 

227 

I29 

- 

- 

585 
(003) 

598 
001) 

597 
(002) 

599 
(001) 

583 
(001) 

57 I 
(001) 

56 3 
(004) 

597 
(00 I )  

530 
(0 36) 

364 
(079) 

F F  
(%) 

EFF 
(%) 

18.5 
(0.6) 

22.3 
(0.1) 

22.3 
(0.1) 

22.8 
(0.1) 

23.4 
(0.1) 

24.4 
(0.1) 

(0.2) 

22.8 
(0.1) 

12.0 
(0.1) 

24. I 

7.6 
(.02) 

77.7 
(2.7) 

79.0 
(0.7) 

77.3 
( 1.4) 

78.2 
(1.0) 

78.9 
(9.3) 

77.4 
(0.3) 

77.1 
(0.4) 

78.9 
(0.5) 

54.6 
( 1  6.8) 

53.2 
(1.8) 

8.4 
(0.5) 

' 9.5 
((2.1) 

10.4 
(0.2) 

(0.1) 

10.8 
(0.1) 

10.8 
(0.1) 

10.5 
(0.2) 

10.7 
(0. I )  

3.8 
(0.7) 

1.5 
(0.4) 

10.7 

NOTES: Area  = 4 cm2, T = 28"C, LD derived from quantum efficiency curves  (9!. 
Standard deviation silcwn in parenthesis. 

Careful  inspecrion of Table I indicates a large variation in fill factcjr (FF) for  
lower resistivities; this  variation increases with decreasing resistivity. An examination of 
the  dark I-V curves for representat ive cells, shown in Figure 2, indicates t ha t  leakage 
current  increases as resistivity decrease,. Through experimentation, we determined t h a t  
this leakage cur ren t  ar ises  at the  edges cf t he  solar cells, which in our process a r e  c u t  
frvm the  original wafers with a diamond wheel dicing saw. Etching of t h e  edgns to 
remove the  saw damage removes this leakage path but also removes some ac t ive  junction 
area. The deleter iogs effects on 3% that  edge etching causes  can be minimized by 
e i ther  use of mesa etching defined by photolithography, or  by using a n  ion implantation 
mask similarly defined so as to res t r ic t  the  junction from kerf areas. Both methods were 
fourid to reduce the  leakage current  to negligible levels. For  large-area cel ls  in which 
edge leakage cur ren t  is smal! compared to the  diode forward current ,  thi. type of 
pocess ing  will probably be unnecessary. 
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Figure 3 illustrates a comparison of measured external quantum efficiency (QE) 
data to the results of cell modelling, for a representative cell from group C in Table 1. 
Good qualitative agreement i s  obtained. Exact f itt ing was not attempted for two 
reasons first, the absolute error in the QE datz i s  not precisely known and second, the 
code cannot model position dependent parameters that are trlieved to be important in the 
emitter. Integration of the model QE data, howevei, v.elds good agreement with 
measured J,, and this i s  shown as a function of resistikity in Figure 4 w i t h  front 
surface recombination velocity as a parameter. In Figure 5 we present a comparison of 
the measured V, data to the calculated value:, wi*h band gap narrowing b E g )  dS a 
parameter. The modelling suggests that for low resist iv i ty Si, band gap narrowing and 
surface recombination velocity dominate Voc. 

NO AR COATING I P = 10acm 

0.8 

0.6 * 

0.4 - 
? 

0 

I1 
I 

0 ’  400 600 800 1000 

WAVELENGTH (nm) 

FICUKE 3. COMPARISON OF Q U A N T U M  EFFICIENCY D A T A  T O  MODEL 
CALCULATIONS FOR A CELL FROM GROllF G, ’ . , L E  1. 
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RCSISTIVITY ( Q c d  

FIGURE 4. COMPARISOPI C.F h4tASURED AND CI?LCULATED Js, AS A 
FUNCTION OF Ei?SE ACCEPTOK CONCENTRATON. 

We elected to work with cells of conventional thickness, even though calculations 
have shown that thin cells have theoretical advantages i f  minority Carrie- mirrors and 
light-trapping can be achieved (IO). dur choice avoided the extraordin .ry care that 
hb idling thin (-5Oym) cAls requires. The modelling of cells with convemional thickness 
(-400pm) indicated that best efficiency would be obtained from low resistivity Si, 
provided that the emitter saturation current could be reduced, -;!IUS indicating the 
importance of pursuing researm on emitter design. 
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FIGURE 5. COMPARISON OF MEASURED Voc D A T A  TO MODEL CALCULAlI (3NS.  

EMITTER EFFECTS 

In a rec t , l ;  paper, we analyzed the importcnce of reduction of p e , ~  e m i t t e r  dopant  
concentration, and it was shown tha t  a very wide range of doping concentrat ions c a n  bt 
achieved with ion implantation (4). In Figure 6, we reproduce da ta  tha t  indicate  'I ;at 
opt imal  QE at 350 nm is obtained for e i ther  arsenic  or  ph.3sphorus emi t t e r  dopant 
concentrat ions of about 2 ~ ! G l ~ c r n - ~ .  appears  to have peak in this  range as 
well, as shown in Figure 7. Ynfortunately, the  actual  e m i t t e r  concentrat ion for  which the  
rnaAmum Vo, is obtainlid is obscured by low b?se diffusion length; Le. ir t he  
mighborhood of the  optimal donor concentration, the  Voc is base-limited. We will 
re turn to this point in h l a ie r  section. 

Figures 6 and 7 ii.dic&te tha t  there  is a n  adva,irage to passivating the  f rcn t  su:faie 
when shallow (-0.2prn) 7 mctions are employed. Our expsrienc T' indicates that as t h e  
junctior is made deeper, ,he beneficial effects of pa:si>diiu,l diminish; ;rowever, WC have 
not conductec controlled eiper i rnents  on this aspect. 
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Surface preparation can oiten affect the attributes of the ion-implanted emitter. 
Ir, a later section, we describe the use of texture-etching t o  reduce ref!ectivity and 
enhance absorption, This etchiiig, however, increases the front surface area, which 
necessitates a change in the ion implzntaticn dose, To identify the optimal ion 
implantation dose for such an etched surface, we fabricated texture-etched solar cells 
w i t h  a range of doses. Uetaiis of th is  experiment are reported in reierence 2. Figure 8 
replicates the V,, data for cells having S i 0 2  passivation and for the same cells w i t h  
S i 0 2  removed. It can be seen from Figure S that the remaval of the Si02 has a 
strong effect on V,. 

three factors that control minority-carrier transport in the 
emitters of both the textured and polished dc=.ices: deleterious surface recombirration, 
deleterious recombination and/or energy gap narrowing resulting from heavy dd,ping 
effects, and advantageous rninority-carrier reflection b) the field resultirrg from t h e  
gradient of the doping. When Si02  surface passjvation i s  present, the optimal ion 
inplantation dose i s  approximate:y 5x10'5 ions/cmZ for a textured surface. Use of 
higher doses would seem to  introduce deleterious heavy dsping effects in the emitter 
which cause an increase in the saturation current. The  Existence of enhanced 
recombination in the near surface region i s  suggested by spectral response measurements 
that show tnat blue response decreases as the dopirtg i s  increased (Figure 6).  For iighter 
implantation doses, a loss in minority-carricr teilection occurs, owing to the reduction in 
the gradient of the doping Rear the surface. This reduction i n  doping perhaps alloxs an 
incre. se i n  carrier recornbination at  the front contact, and so V, aecreases as the 
concentration is decreased. For the case in which the S i 6 2  passivatior! IS removed, the 
recombination at the surface exerts a strong influence on V,. In such a case, an 
increase in the peak dopant concentration that results frcm increase of dose increases 
the reilection of ,ninority carriers, but the imprcvenent is limited. 

There would seem to 

620 
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ION lMPL6 WATION DOSE (x 1 015 ions/cm2) 
GPEN-CIRCUIT VSLTACE '4s A FUNCTION OF IGN-IMPLANTATION 
DOSE FOR TEXTURE-ETCHED CELLS. The dose shown is the total dose 
measured by the implanter and i s  no; corrected for the texture present an 
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The optimization and theoretical analysis of our junction formation process applied 
to a textured surface requires knowledge of the resultant doping profile formed by t h e  
above implantation parameters on the { I 1 1 1  surfaces of the pyramids. For diffuscd 
junctions, one niay perhaps assume that the  junction profile replicates that which is 
formed on a standard {I I I t  surface. I t  is not clear, howcver, that  the depth distribution 
of implanted ions is equivalent to that obtained in an ordinary polished wafer, owing to 
scattering effects that may differ in the t w o  cases. A further difference between 
diffusion and ion implantation is the increase in surface a rea  mentioned above that  
obtains when texture is present. This increase requires a corresponding increase in ion 
dose. 

For the above reasons, measurement of the dopant profile would be desirable. 
Unfortunately, the textured surface is not easily profiled using conventional techniques 
such as secondary ion mass spectroscopy, owing to obvious difliculties with depth 
calibration. For this reason, w e  conducted an  experiment based upori ion implantation of 
a polished (111) wafer, suitably oriented with respect to :he ion beam, to simulate the  
implantation of the {I  1 I }  facets of the pyramids. This experiment is described in greater  
detail in reference 12. 

A polished control (100) wafer was first implanted with 31P+ using the 
conventional geometry. The implantation energy was 5 keV and t h e  dose was 
2.5 x 1015 ions/cm2. erimental ( I  I I )  wafer was  then implanted with 31P+ at 
5 keV to a dose of 5.2 x 135 ions/cm2, with the (1 11) surface oriented at an angle of 
5 4 . 7 O  with respect to the ion beam tn  replicate the orientation of the  facets of the  
textured surface. The specific dose, which includes an  area correction related t o  the 
implantation angle, w a s  3 x IOl5 ions/cm2. Both wafers were then annealed in 
flowing dry N2 using a three step process 550°C-2hr., 85OoC-I5 mil:., 550°C-Znr. with 
ramping between steps. Dry oxygen w a s  admitted to the gas stream during t h e  850°C step 
to grow the ti.lin oxide necessary for passivation. 

An e 

Spreading resistance analysis was obtained for both wafers, and is shown in 
Figure 9. The analysis indicates that  the profiles a re  without detectable difference. This 
is not surprising, since the implantation parameters for polished and textured wafers were 
separately optimized for high cell performance. The value of the peak dopant 
concentration obtained in this experiment has been used in the  modelling which follows in 
the  next section. 

To further refine our solar cell emitters, we have been investigating the role of 
recombination at the front ohmic contact. To this end, w e  have been experimenting with 
the reduction of ohmic contact area, while keeping the shadow loss constant, as has been 
done elsewhere (13). Figure 10 illustrates two methods of implementing this technique. 
In method A, the opening in the passivating oxide through which contact is made is 
reduced in width so that  the opening is more narrow than the grid line. In method 8, the  
openings a r e  small separate squares. Both techniques require photolithography and 
alignment; however, one method of producing type A contacts would be to make the grid 
lines as narrow as the desired openings in the oxide. The width of the lines might then be 
increased to the desired width by electroplating, thus obviating alignment. 
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FIGURE 9. SPKEAO!NG RESiSTANCE ANALYSIS OF A SIMULATED TEXTURED ( I  1 1 )  
WAFER A N D  A (100) CONTROL. 
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FIGURE 10. TWO METHODS OF REDUCING OHMIC CONTACT AREA. 
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CONTACT INTEFfACTION AREA (nun2) 

FIGURE 11. V, A N D  FF AS A FUNCTION OF OHMIC CONTACT AREA. 
(Base resistivity is 0.3 ohm-cm.) 

Results with this  type  of processing are thus f a r  inconclusive. In Figure 11 we  
repl icate  data from an  experiment  in which t h e  ohmic contac: area was varied as 
described above (4). Best results were iichieved for  reduced area, but t h e  saturat ion 
current  in these devices may arise mainly in the  hse, and so t h e  optin:al value of ohmic 
conlact area may be o b s c u r r d .  Fur ther  experiments are in progress and will be reported 
at a l a te r  time. 

1 

WAVELENGTH (nad 

FIGURE 12. REFLECTION LOSS FOR A TEXTURED PASSIVATED SOLAR CELL. 
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HIGH EFFICIENCY CELL DESIGN 

L1 ,yJ 
.\ \ . '* 

1 .  Our results thus far on emit ter  design indicate the importance of both reduction of 
emit ter  dopant concentration and use of passivating oxide. This passivating oxide exerts  a 
negligible influence on the reflection loss. To emphasize this point, w e  show in Figure I2 
the measured reflectivity (courtesy of Dr. D. Arvizu, Sandia) from a textured solar cell. 
I t  can be seen that the reIlection loss is indeed v e r i  small. The passivation can also be 

applied our emit ter  formation process to nonagon EFC ribbon. AMI efficiency prior to 
AK caating was 9.7%. After evaporation of a single TiG2 layer, efficiency increased to 
13.2%, indicating a gain of 36%; higher gain would be possible with a more suitable AR 
coating (such as Ta2O5). 

\ I  

. t  
+ applied to sheet materials without severely affecting the AR coating. Recent ly  we 

, 

Figure 13 illustrates the details of the solar cell structure yielding the  hi&' zst 
efficiency to date. The texrure-etched front surface is ion-implantzci to form the 
emitter, as discussed in the previous section. The surface is provided with a thin layer of 
SO; to reduce the front surface recombination velocity. An AR coating of Ta2O5 
is applied on top of t h e  Si02; the thickness of this layer is optimized to minimiz- the  
refleclion resulting from the  presence of the S i 0 3  We have not reduced the  ohmic 
contact area in this design. 

PASSIVATION 

n* 
ION-IMPLANTED 
EMITTER 

Ti-Pd- Ag 

p-TY PE 0.3 Qcm 1 - - -- -- - -- - ---- i 

BORON-IMPLANTED BSF t 
Ti-Pd-Ag 

FlClJRE 13. ILLUSTRATION OF THE SOLAR CELL STRUCTURE INVESTIGATED 
I N  THIS WOKK (not to  scale). 

, 
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Table 2 indicates the  fabrication process for  this cell  design. The back surface is  
first implanted with I:B+ and annealed to form a p+ region. During t h e  anneal, a 
thick surface oxide is grown to b e  used iater for masking pu oses The resulting p+ 
layer is about I r n  deep and has a p e a  concentration of IC2rcm-%14). Because t h e  
diffusion length is much less than t h e  cell  thickness, t h e  p-p+ junction is probably not 
effective as a back surface field (15); however, t h e  p+ region does aid t h e  formation of 
a low reristance back contact. 

TABLE 2. CELL FABRICATION PROCESS 

Implant back 

Anrieal/oxide 

I T :  
. ,  -. 

I 

Pa t tern oxide 

Texture 

Implant front 

Anneauoxidize 

Apply contacts 

Saw to size 

Plate contacts 

Apply AK coating 

Test 

l lB+ 50 keV, x ! O 1 5  ions/cm2 

550°C - 2 hrs. 
950°C -- 2 hrs. 

dry N 2  
wet 0 2  

Acid e tch  

Hydrox;de e tch  

31P+ 5 keV, dose-variable 

550°C -- 2 hrs. 
850°C - 15 min. 
550OC - 2 hrs. 

Evaporated Ti-Pd-Ag 

Z c m x 2 c m  

Evaporated Ta2@5 

A M I ,  100 rnW/crn2, 28OC 

As discussed earlier, t h e  surface oxide on the  front  was patterned to form a n  
emit ter  ion implantation mask. The oxide mask defined t h e  edges of the  front phosphorus 
implant and so formed a planar emit ter  structure on each solar cell. 

After patternirrg of t he  front oxide, t h e  fronts of t h e  wafers were texture-etched 
in  a potassium hydroxide solution. Oxide on the  back protected t h e  boron implant from 
the etch. The fronts were then implanted with 31P+ and annealed as described in t h e  
previous section. Evaporated Ti-Pd-Ag contacts w e x  applied to both sides of t h e  wafers 
and were patterned on the  fronts using the ob~toli thographic lift-off process. 
Electroplating was used t o  decrease the  contact line resis.ance. The final step consisted 
of elec-tron-beam evaporation of a Ta2O5 AR coating. 

t $  
I -; 

1 

I 
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The resulting cells hr. 'e been described in several recent publications (2, 16). 
Efficiency of up to 18% has been obtained, and the devices have been well characterized. 
W e  report here that an abbreviated form of the above process has been applied to 
Czochrslski wafers supplied by Arc0 Solar Crystal Production. Efficiency of 16.8% was 
achieved (AMI, 28OC) and higher efficiency may be possible if the complete process is 
applied. 

In Table 3, we summarize calculatisns of theoretical efficiency tha t  indicate 
aspects of cell design that  limit efficiency in the  18%-efficient le2 cells. The first entry 
in the table indicates the Limit efficiency for a cell  with width of 3L1 pm, made from 0.3 
ohm-cm silicon. The only loss mechanism included in this calculation is Auger 
recornbination 17X perfect light trapping and minority carrier mirrors a r e  assumed (IO). 
I t  is interesting that the upper limit to J, is 43.8 mA/cm2, considerably higher than 
has been obtained in actual cells. Thus, considerable improvement is possible in J,. If 
Reither light-trapping nor a back surface reflector (BSR) is present, the  limit to JSc is 
42.2 mA/cmZ. Incorpbration of actual reflection loss measured on a high efficiency cell 
(see Figure 12) indicates that  J, can be as high as 40.6 mA/cm2. 

The diffusion length measured on our best cells is about 150 pm. Replacement of 
the  Auger-limited diffusion length WCOym; with the  actual value reduces t h e  Jsc to 
36.9 mA/cm2. Thus, a considerable amount of current is lost in our cells owing to bulk 
recombination. This loss can be overcome by increasing the diffusion length through more 
careful processing or by gettering. An alternative would comprise thinning the cell  and 
adding a BSR. 

The V, indicated for a I5Opm diffusion length is 649 mV. The calculation of 
V, is extremely sensitive to the value of the effective masses, or  in another 
formalism, to the  value of the intrinsic concentration assumed. In our calculation, w e  
used Fermi statistics with an  effective density of states given by the average effective 
masses for electrons and holes (18). Owing to uncertainties in the effective masses, the  
effective density of states, and to heavy-doping effects in general, this calculation can be 
considered only LS a rough estimate of t h e  Voc. 

Inclusion of front surface recombination and bandgap narrowing reduces V,, to 
values as low as 6!8 mV, if the  datii from reference I I is used. By using a value for AEg 
of 70 meV, w e  find good agreement with experiment. This may reflect the fact that our 
model assumes uniform doping, so 70 meV is pernaps an  average value characterizing the  
heavily doped region near the surface and the lightly doped region beneath it. The shadow 
loss in our cells is approximately 3.5%; however, the reflection loss (already subtracted) 
includes reflection from the contact. Therefore, we only include a shadow loss of 2% in 
our calculation. Inclusion of the measured series resistance of C.32 o h m c m 2  (2) drops 
the W to 8i.6%. I t  can be seen that reasonab!e agreement with an experimental cell is 
attained. 

l k e  results in Table 3 reveal that  a large amount of carriers are lost to bulk 
recombination. To quantify the e f fec ts  of LD on J,, we modelled the  cell described 
above with LD as a parameter. The result is shown in Figure 14. I t  can be seen that for 
the case of no BSR, increase in LD to 2OOpm yields nearly IrnA/cinZ gain. 'ihe 
addition of a BSR with reflectivity of 90% would increase Jsc to 36.6 mA/cmq 
increasing LD to 200pm in that case would yield Jsc of over 37 mA/cmZ. In t h e  
next  section w e  will describe experiments intended to raise LD to over 200 pm. 
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TABLE 3. ANALYSIS OF iOSS MECHANISMS OF SPIRE’S HIGH 
EFFICIENCY SOLAR CELLS 

Limit Efficiency 
of 0.3 Qcm ce l l  
(Auger recomb. only) 

No Light-Trapping 

No BSR 

Fini te  Reflection Loss 

SRH Recombination 
(Lg=ISOpm) 

Front  Surf ace iiecoin bination 
(~=2~104 cm/sec)  

Bandgap Narrowing 
A b 3  

(100 meV 
( 80 meV 

70 meV 

Joe Penalty for  
Front  Texture  

Shadow Loss (2%) 

Series  R (0.32 ohm-cm2) 

Actual  Data, Cell 228 

713 

713 

7 12 

71 I 

649 

646 

618 
629 

633 

625 

624 

624 

627 

43.8 

43.0 

42.2 

40.6 

36.9 

36.3 

36.3 
36.3 

36.3 

36.3 

35.6 

35.6 

35.9 

84.7 

84.7 

84.7 

84.7 

83.6 

83.6 

83.0 
83.2 

83.3 

83.3 

83.3 

81.6 

80.0 

26.5 

26.0 

25.5 

24.5 

20.0 

19.6 

18.6) 
19.0) 

19.2 

18.9 

18.5 

18.1 

18.0 

~~ ~~ 

Notes: 
AM 1. 

Calculations assume base width is 381 pm, T=2S°C, Intensity = 100mW/cm2, 

In the  event  t ha t  e f fo r t s  to raise LD beyond 200 prr~ fail, one can  comider  thinning 
the  base of t h e  cell. A calculation of JSc as a function of basc width is shown in Figure 
15, for the  case of back surface ref lect ivi t  of 90%. Fc r  a ce l l  with base width of 200pm, 

raised to 200 pm, Jsc of grea te r  than 37 mA/cm will be attained. 4 an increase in J, of about  0.5 mA/cm 3 is ained. If t he  cel l  is thinned and LD is 

I 

1 

’ !  
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Impravements to  LD w i l l  also affect Voc, although the gain i s  harder to 
quantify, owing to the large number of assumptiorBs needed for calculation of Voc. 
Nevertheless, Voc as hign as 660 mV i s  consistent with base resistivity of 0.3 ohm-cm 
and diffusion length of 200 pm, and experiments to reduce the ohmic contact area may 
reduce the emitter saturation current to negligible levels, thus enabling us to realize the 
base-limited V,. Similar results have already been demonstraied elsewhere (3). 

EXPERIMENTS TO TNCREASE Js, 

The preceding discussion has assumed that a ESR with reflectivity of %I% can be 
achiebed. In fact we have developed such a BSR and in Figure 16 replicate expcrimental 
reflectance data from a polished AR-coated sample with A I  evaporated on the back. The 
reflectivity of photons having energy less than the band gap, for which silicon i s  largely 
transparent, i s  greater than 90%. It i s  our assumption that the reflectivity of the BSR i s  
as high for shorter wavelengths but the reflectance of photons with energy greater than 
the band gap has not been measured. However, the wavelengths that penetrate to the 
BSR are in general near the band edge, so the assumption i s  probably a good one. 
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FIGURE 16. 9SH REFLECTIVITY FOR AN AR-COATED CELL. 
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c. 

We have also examined t h e  effect of our  processing on cell lifetime. This  was 
motivated by t h e  anomalously low values of LD t h a t  were  obtained in a number of 
experiments, such as those reported in reference 4 and in  earlier sect ions of th i s  paper. In 
many of our  emi t t e r  experiments, it was  found t h a t  t h e  base diffusicn length had been 
degraded by t h e  or.xessing. We the re fo re  devoted most of our a t t t n t i o n  to th i s  problem. 
Af te r  a detai led examination of our furnace and  gas lines, cleaning processes, annealing 
gases, and ramping, we identified ou r  wet oxidaticn process  t o  be a steo t h a t  degrades 
lifetime. We have  ROW eliminated wet oxidation from our  sequence. 

Recent ly  we began experiments  to increase' diffusion length by gettering. The  
exac t  gettering processes tha t  w e  are pursuing were  taken  from t h e  l i t e ra ture  and wiil be 
reported upon in a later publication. Owing to reservations about  conducting an unusual 
process in our  annealing tube, we  used a sintering tube  for t h e  f i r s t  gettering experiment. 
Since th i s  tube is used for sintering solar  ce l l  contacts, it might be contaminated  by Ti, 
Pd, or Ag. Afte r  a high tempera ture  procedure in t h e  sintering tube- t h e  wafers  were  
fabricated into cells. I t  was found t h a t  LD in cont ro l  ce l l s  had degraded to about  100 
pm, but  Lo in t h e  ge t t e red  ce l l s  increased to 175 pm. It is ou r  conjec ture  t h a t  
annealing in a c lean  tube may yield much higher values of LD, and  this  is present ly  
being tested. 

CONCLUSIONS 

Processing experiments  have shown t h e  importance of sur face  passivation, not only 
to V,, out also to J,. Analysis of loss mechanisms indicates  t h a t  considerable 
improvement to Jsc may be  obtained if diffusion length is increased. Improvement to 
V, i s  a lso possible by reducing e m i t t e r  recombination. Many of these  techniques can 
be  applied with advantage to shee t  materials. Certainly all of t h e  above processing c a n  
be applied to CZ, with efficiency approaching t h a t  of FZ if get ter inq i s  successful in 
improving LD. High efficiency car! also be  achieved with o ther  shee t  mater ia l s  siich as 
ribbon by using our  junction f o r m a i o n  and passivation techniques. 

i This work has  indicated t h e  manner  in which t h e  goal  of 20% cocqersion eff iuc.-r 'cy 
may be achieved. Through process improvements  such as getterir.g, thinning of tCle bise, 
and  addition of a BSR, Jgc of FZ ce l l s  may be increased to 38 mA/cm*. 
Improvements to the  emit ter ,  including reduction of ohmic contact area, may increase 
Voc to 660 mV. We have already achieved FF 01 grea te r  t han  0.8. if these  f ea tu res  c a n  
be integrated in one  cell, eff ic iency of 20% will be achieved. The application of th i s  
processing to present-day shee t  Si will be a n  important  s t ep  toward t h e  DOE 20s: of ' ' \% 
efficiency at $90/m2. 
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DISCUSSIOU 

CISZBK: Hark, do you have any thoughts on how you might be able to get reduced 
area contact to a wafer throufh an oxide? 

SPXTZBB: 1'11 have to draw a slide of that. Yhat's the Green secret? I don*t 
What you do is you make a very fine- have to draw that, I can erplain it. 

line grid. It would not be suitable for carrying the currents that you 
want, but it has the area of the opening in the oxide that I showed. 
then you overplay it, you let the electroplating balloon the grid lines 
in their proper proportions; then you are left with grid lines that just 
touch a very small area along the surface. 
volved. The problem with that, I think, is the grid lines fall off; you 
have to be careful. I don't like it. 

And 

Tbere is no aligaoent in- 

QUESTION: You can cross the iines, you make your slot and then cross your grid 
lines, you'll get a dot contact. 

f SPITZER: 1 was worried in doing that technique. 
ing the AR and having stripes on the wafer. 

I was worried about deposit-. 

QUBSTIW: Hark, in your 18% efficient cell the surface dopant concentration 
was 3 x 1018, or arbat? 

SPITZER: In the 18% cell we think it was 3 x So we used the same 
implant parameters for that experiment, where we measured the profile, aa 
had been used on the 18% cells. 

OLSON: Both in your work and Meet's you applied some of the things you 
learned to sheet materials, and I really think with some neat results. 
think one interesting point to make is that your work on the good float- 
zone material is really a leading edge, and I think it is really importabit 
to have the high-efficiency work on this high-quality material lead the 
way. 
low-cost sheet material. 

I 

And it's clear that now you are beginning to apply it to work on 

I 

I 

SPITZER: 
on, and that is to scale up the area of the cell. 
be applied to a fairly large-area device. 

I agree with that. And there is one other thing that we are working 
I think it also has to 

OLSON: It's there we are going to really learn what's really limiting the 
performance, and ultimately that might pay off. 

I 

SPITZBR: I agree. I think we should stay with float-zone for a while. 
I JOHNSON: Mark, what was the sheet resistance of your emitter? 

SPITZBR: The baseline emitter that we started out was about 80 ohms per square 
and the one that is 3 x 10l9 is about 200 ohms per square. 

DAUD: Hark, could you tell me what the resistivity of the Czochralski silicon 
was that you got from ARCO? 
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SPITZKR: Actrrally. I know what it is, but I don't have permission to d i s c l o s e  
anything o G u t  t h e  material.  so you can ask one of t h e  daco guys. 
there is nothing craaf about it,  its j u s t  ordinary s t u f f .  

But 

I 

I 

..- 
I 

i 
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Sherman, Texas 75090 
Texas Instruments, Incorporate 

INTRODUCTION 

In a solar cell it is desirable for the light-absorbing sur- 
face to consist of facets such that incident rays must undergo at 
least two reflections prior to esca?e. This can be accomplished 
b y  mechanical means ( 1 )  or by photolithographic protection of 
lines or arrays, but the former results in deeply damaged material 
and the latter requires polished surfaces and expensive process- 
ing. In 1974 Haynos, et a1 (21, reported an unspecified chemical 
means of creating the proper kind of light.-collection texture on 
(100) silicon slices. This prccedure converted the (100)  silicon 
surfaces to random arrays of microscopic pyramids. Only 50 days 
leter, Baraona and Brandhorst (3) reported nearly idertical tex- 
turing with aqueous soluticrns of hydrazine hydrate, and showed 
that such behavior could be deduced from device fabrication etch- 
ing experiments and observations of Lee ( 4 ) .  Soon thereafter 
similar texturing was accomplished by safer and less expensive 
sodium and pctassium hydroxide solutions (5-7). In the meantime 
other benefits of this texturing had been realized: improved 
collection from lateral refraction (2) and internal reflection in 
the case of thin cells ( 3 ) .  

Various workers have reported studies, optimizations, and im- 
provements of texturing using basic solutions (3-13). In 1977 
Fissore, et al ( 7 )  proposed that the pyramid texture was generated 
in the case of KOH etching by nucleation sites covered by silicate 
salts precipitated at random. In 1977 Scott-Monck, et al, (9) 
proposed a similar situation for 2% NaOH etching with and without 
iscra-opyl alcohol (IPA). In 1978 Dyer (IO, 1 1 )  proposed a similar 
mL,el except that most protective sites were thought to be 
growths, not precipitates. An attempt was made to quantify the 
various ~romotional effects. The purpose of the present paper is 
first to explain in detail the attempt at understanding and quan- 
tifying texturing; second, to give an experimental description 
w.th observations on the proximity effect ( 8 )  and the effect o f  
additions of w3ter glass that were discovered during this work; 
and third, to show that the precipitate or growth models account 
for ..lmost all o f  the known promotional eff'ects. 

I FROCEDURE 

i ._ 

4 

QUALITATIVE.--Qualitative test runs were made in which concentra- 
tion, temperature, pretreatments, ultrasonics, alcohol additions, 
containers. etc. were varied. Since similar procedures have been 

reneated here. 

I 

I 

i 

described in many texturinq reports to date, they will not be I 
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I +* ? ~ ~ # ~ I & ? ~ ~ ' ~ n  order to quantify texturing it was f!rst tried ' t6 measure the fraction of  1 ight reflected back from the textured 

surface. A simple apparatus consisting of a light source, a ster- 
eomicroscope, and an exposure meter was constructed and used to 
get relative numbers of merit for various treatments. This ap- 
proach was abandoned when it was realized that the measurement 
lacked sensitivity in the final stages of texturing, as well as in 
the early stages where specular reflection swamps the readings. 
In addition this approach reveals nothing about the microscopic 
deisils of texturing. 

I 
\ 
t 
I 

I 

! 

The approach taken to quantify Zexturing was to measure the 
fraction of area covered by pyramids, as seen under the micro- 
scope, realizing that, for all practical purposes on (100)  sili- 
con, texturing is the degree to which the surface is converted to 
pyramids. Exceptions are 1 )  anomalous reflection when the pyra- 
mids have sizes comparable with the wavelength of light, 2) extra 
reflection when the large pyramids formed have lost their protect- 
ive tops and begin dissolving from the apexes of the pyramids. The 
measurement of fractional area coverage has several advantages: it 
is versatile o/er a wide range of pyramid-producing capabilities 
because the etching time selected can be varied to produce conven- 
ient densities of pyramids, and the measurement is independent 
of pyramid size or magnification. 

DETAILS OF QUANTITATIVE TESTS.--Texturing was done at 90 deg. C. 
at two concentrations, 1 and 4 wt. 2 NaOH. Isopropyl alcohol 
(IPA) was semiconductor grade, and water glass (Na2Si03.xtiZO) was 
reagent grade 40-42 deg. Be', The proximity of the test surface 
to another surface was established by either of two methods. In 
the first, simple jigs were onstructed. each consisting of  a 
stainless paddle and Teflon 6 or Delrin 6 screws. 
were located radially such that slices with flats could be wedged 

ment with the screw. Proximities were contro1:ed by choice of 

-b 

I 
i 

The screws pro- 
truded through the paddles at three positions around the slice and i 

into place by rotating the slice until the flat was out of align- 3 
screw thread for a given thickness of slice. In the second method T ,  the slices were placed between glass slides with suitable Spacers. % ;* 

Ordinary ri:5ber bands were used to hold each pack together, and i 

inch silicon wafers, p-type, 1 ohm-cm, (100) were used. Polished 4 

' k  

the angle of the slice from the horizontal was measured. Three- 

wafers were used for the fractional coverage studies to eliminate 
the enhancement of pyramid formation by rough surfaces (3, 10) .  
Pyrex and stainless steel containers were used and each wafer was 
etched 3 min. in 302 aqueous NaOH at 100 deg.C. prior to texture 
etching. 

4 

I I 

MEASUREMENT METHOD.-- A compound incident-light microscope with 
10x10 counting reticle was used. A convenient method of assessing 
the area covered by pyramids was to count the pyramids in each row 
o f  the grid in size groups: 0.1-0.2, 0.2-0.3, etc. (Frsctional 
sizes of a unit square on the grid.) This assessment of pyramid 
size can be done surprisingly rapidly and accurately. The numbers 
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for t he  t e n  rows i n  the g r id  were t o t a l e d  i n  each s i ze  group and 
converted t o  r e l a t i v e  areas by t h e  appropr iate s i ze  fac to rs .  The 
f r a c t i o n a l  coverages were summed t o  ob ta in  the  t o t a l  pyramid cove- 
rage. These values were measured a t  t w o  o r  more places on t h e  
s l i c e  and averaged. 

RESULTS 

QUALITATIVE OBSERVATIONS.--Results of previous workers w i l l  be 
i i s t e d  as wel l  as those o f  the  present study. 

POSITIVE INFLUENCES.--The fo l lowing chemical add i t ions  t o  
KOH or NaOH so lu t ions  enhance t e x t u r i n g  o f  ( 1 0 0 )  s i l i c o n :  

0 Methyl e thy l  ketone (MEK) ( 9 )  

o Fi lms o f  long-chain carboxy l ic  sc ids  (9) 

o F ingerpr in ts  ( 1 1 )  

o Water Glass (10 )  

The fo l l ow ing  physical condi t ions promote tex tu r ing :  

o As-cut or lapped surfaces (3) 

o Terraces i n  NaOH-etched as-cbt surfaces (10 )  , 

o Proximity t o  another surface ( 8 ) .  This e f f e c t  was disco- 
vered by n o t i c i n g  t h a t  t he  places where t h e  s l i c e s  were 
wedged i r i t o  holders were o f t e n  tex tu red  b e t t e r  than t h e  re- 
mainder o f  the  s l i ces .  O p t i m u m  p rox imi ty  f o r  developing 
pyl-amids was found t o  be 0.4-1.0 mm. The c o n t r o l l i n g  fac- 
t o r  appears t o  be t h e  entrapment of hydrogen bubbles be- 
tween the  two surfaces, and thus v i scos i t y ,  f low, and angle 
o f  the  surfaces from the  hor izonta l  are a l l  factors .  The 
observation o f  the  bene f i c ia l  e f f e c t  o f  t.he bubbles i s  i n  
contrast  t o  previously-reported ideas about the  e f f e c t  o f  
bubbles (9 .13 ) .  

o Repeated use o f  t e x t u r i n g  so lu t i on  ( 1 1 )  

o Adherent growths o r  p a r t i c l e s  l e f t  a f t e r  NaOH or KOH pre- 
treatment. I n  f a c t ,  some growths or prec ip i t a tes  remain 
attached t o  the  tops o f  t h e  pyramids a f t e r  tex tu r ing ,  even 
a f t e r  r i n s i n g  w i t h  D . I .  water. Figure 1 shows such a 
growth as seen by the  scanning e lec t ron  microscope ( 1 1 ) .  

NEGATIVE INFLUENCES.--In t he  present work it was noted t h a t  
t e x t u r i n g  was i n h i b i t e d  by po lyv iny l  ch lo r i de  cement and by cer- 

. 
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tain plastic slice holders. In addition, the following observa- 
tion was made by Bareona and Brandhorst ( 3 ) :  

"For a given etch composition and temperature, there appears 
to be an optimum etch time to achieve maximum structural 
perfection and uniformity. If etching continues beyond this 
time the pyramids begin to disappesr, and flat, shiny re- 
gions begin to emerge." 

NEUTRAL FACTORS.--If a texturing bath was used repeatedly, 
visibie precipitates accumulated in it, but had no apparent 
effect on texturing. 

RESULTS OF QUANTITATIVE TESTS.--Figure 2 compares the results of 
various treatments in 1 %  NaOH on percentage of surface coverage by 
pyramids. The result was that each additive or promoting condi- 
tion (proximate surface) caused a 2 to 20-fold increase in pyramid 
coverage. Also a threshold concentration exists for NaZSi03.xH20. 
Figure 3 compares the results of various treatments in 4% NaOH. 
Similar results to those at 1 %  were seen. The proximity effect 
exerted a strong influence at both concentrations. 

INTERPRETATION OF RESULTS 

Several authors have reached the conclusion that texturing of 
(100) silicon occurs by the formation of protected spots on the 
surface (7.9). This conclusion could, in fact, be reached from 
the knowledge in device fabrication on ( 1 0 0 )  silicon that any mas- 
king material will generate pyramidal mesas. The following is a 
line of reasoning from the atomic model that allows the same con- I 
clusion. After that, the protective mechanism will be discussed. ' A  

ATOMIC MODEL.--In order to more clearly appreciate the surface o- 
rientation aspect of the texturing problem, atomic models are 

1 

, .- shown. Figure 4 shows a Fisher- Hirschfelder-Taylor mode1 or r .  

"sphere" model of a perfect (100 )  surface of silicon. The surface e- 

surface atom has an equal chance to become the tip of a pyramid. %., 

,? 

consists of an array o f  pyramid tips having ( 1 1 1 )  sides. Each 

Therefore, some external influence selects the preferred sites of 
pyramid formation. Figure 5 shows a model of a pyramid on the 
(100) face. The selectivity of etc:hants, including sodtdm and 
potassium hydroxides, can be explained by considering the two ways 
in which atoms are held into the illustrated surfaces: One type i s  
bonded only twice and i s  typified by the perfect (100) surface and 
by the tip of a pyramid, the other kind is bonded three times and 
i s  typified by the perfect ( 1 1 1 )  surface and by the sides arld 
edges of the pyramids. The perfect ( 1 1 1 )  surface etches very 
slowly compared with the (100) surface in preferential etchants 
(14). Clearly, if a means can be found to protect small areas of 
the (100) surface, each area will become the tip o f  a pyramid as 
the ( 1 0 0 )  surface is progressively dissolved. 

- t. 
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MECHANISH OF FORMING PROTECTED SITES ON ( 1 0 0 )  SILICON IN SODIUM OR 
POTASSIUM HYDROXIDES. 

The chemical reaction for texturing in NaOH or KOH solu- 
tions is as follows: 

2MOH + Si + H20 --> M2Si03 + HZ t ,  

where M represents sodium or potassium. Since pyramid formation 
is enhanced i r ,  dilute (1/2-4%) and not in concentratea (30-40%) 
equeous NaOH c;slutions, the protective factor is related either to 
product icsolubility in the etchant or to its low dissolution 
rate. Third, since addition of small amounts of NaZSi03.xH20 to 
NaOH solutions enhances pyramid formation: and the Na2Si03 pro- 
duced in the reaction has limited solubility in aqueous NaOH and 
even lower solubility in NaOH-H20-IPA mixtures, some reaction 
product like M2Si03 must be the protective factor and it must be 
grown or precipitated at random sites. Figure 6 shows a schematic 
diagram o f  the stages in the process for  texturing with NaOH, with 
and withoat enhancement effects. 

The reasons for favoring the idea that the protective prod- 
ucts are gr.mths rather than precipitates are: first, it is diffi- i 

cult to see why precipitates would occur preferentially on the I 
terraces of pitted surfaces. Second, precipitates have only a 
slight tendency to bond to the silicon under 3 liquid, particular- 
ly one under agitation from gas development. Third, the peutral 
effect of the precipitates that accumu- :re from extended use of 
the texturing bath favors the growth hypothesis. 

The positive influences can now be explained as follows: 
Alcohols and MEK decrease the solubility of the reaction product. 
Water glass suppresses dissolution of growths of reaction prod- 
ucts by the mass-action principle. Fingerprints and films of 
long-chain carboxylic acids slow +he vertical diffusion of reac- 
tion product; proximity (intermittent bubble-entrapment) acts the 
same way by providing a gas barrier to product diffusion. As-cut 
or rough surfaces texture better because they are already closer 
to the textured state. Repeated use o f  the texturing solution 
works progressively better because of build-up of reaction 
product. 

The negative influences are explained as follows: PVC cement 
stops the reaction instead of slowing it. Too long texturing 
eventually removes the protective growths from tops of the pyra- 
mids, which leaves them free to dissolve down to base level. 

! C  
I 

P 
% ;  

PRACTICAL USES OF RESULTS.--The varfety of agents +hat promote 
te.cturing make it possible to select a wide variety o f  texturing 
solutions. The synergistic effect of combined additives or physi- 
cal conditions broadens the possibilities further. By more rapid 
pyramidization, a smaller range of sizes for pyramids is possible. 
If a texturing process has stopped produclng adequate absorption 
of light, one can look for inhibiting agents such as PVC cement 
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residues, or examine the  pyramid tops t o  see i f  they are d isso lv -  
i ng  away e i t h e r  from some contaminant l i k e  a f l uo r ide ,  o r  from 
over-etching. 

1 

CONCLUSIONS 

o Textur ing o f  (100) s i l i c o n  surfaces i n  sodium or potassium 
hydroxides occurs by the  growth of a reac t i on  product i n  a random 
ar ray  o f  surface s i t es ,  which leads t o  pyramids remaining a t  t he  
s i t e s  a f t e r  o ther  pa r t s  o f  t he  surface d isso lve  away. 

o Various add i t i ves  and condi t ions promote t e x t u r i n g  by in- 
creasing t h e  p r o b a b i l i t y  of loca l i zed  growth o f  reac t ion  product. 

o A new texture-promoting influence--a p rox imi ty  effect--was 
discovered i n  t h i s  work. This e f f e c t  was found t o  fur ther  enhance 
t e x t u r i n g  i n  t h e  presence o f  promotional addi t ives.  

o A method o f  quan t i f y i ng  the  pyramid-producing c a p a b i l i t i e s  
o f  each t e x t u r i n g  so lu t i on  was developed. 

o Comb 
synergist  

The 

ned e f f e c t s  of a d i - i t i v e s  or physical  condi t  
c w i t h  respect t o  pyramid densi ty.  
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APPEND i X 

VERTICAL METALl?ATION IN SOLAR CELLS 
AND OTHER SEMIUINDUCTOR DEVICES 

One of the factors that reduces solar cell e?ficiencv (and 

: I  
I 

device packing density) is that a frsction of the active area (a- 

of the device area. This metalization i s  in the form of *'fingers" 
and '*bus bars" that are much thinner than their breadth, and is 
placed parallel to the slice surface. The metal i s  at least 2 
microns thick so that light is prevented fron: entering and gene- 
rating carriers in the underlying volume beneath the metal. The 
present proposal is to place the metallization vertically so that 
r,*uch of the area formerly beneath metal can generate carriers. A 
gain in efficiency of almost all that lost to metallized area can 
be expected, i.e. perhaps 9.57. if 10% was metal. 

The proposed method consists essentfally o f  metalizfng deep, 
narrow grooves in silicon that have been introduced by the orien- 

bout 10%) must be metalized to collect Turrent from the remainder i 
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tation-dependent et,chir,g of (110)  surfaces ( 1 5 ) .  In a solar cell, 
the collection junction would be formed after the grooves were 
installed, and metalization would then be carried out. 

The metalization could be accomplished by varlous techniques: 
ion plating, electroless deposition, low temperature chemical 
vapor deposition, or sputtering. It would preferably coat botb 
sides of a groove: filling up the groove might give problems with 
mismatched thermal expansion coefficients. Connection o f  the 
sevz-31 collection fingers could either be accomplished by meteli- 
zatlon of the solar cell edges or by introducing a second set of 
groove directions that lie 70.53 deg. from the first s e t .  Con- 
tacts could be made to the edges or to small horizontal patches 
o f  metalization. The foregoing idea may also be used in device 
manufacture in which the goal is to conserve area that is present- 
ly used in horizontal metalization. 

If this method is successful, the benefit to earth-based 
solar cells will be o f f s e t  by the inability to texture-etch the 
required ( 1 1 0 )  silicon surfaces; on the other hand, space-based 
solar cells may still benefit because of difficulties with the 
textured cells in this application (16) .  

;! 
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DISCUSSION 

QUESTIOU: Is there any difference between that structure and the DHVJ cell? 
With Sandie's support, the development of that kitd of retallization, we 
are probably six or seven years . . . 

DYER: I was on one of the DWJ contracts so I know something about the struc- 
ture. The making of the grooves is the same idea, you have to do masking, 
and you have to use a substrate with [I101 orientation. Tt. has disadvan 
tages: you can't tezture it then if it's [1101 unless soemme discover.. 
soae new way of texturing a non-Ill01 orientation. 
only an advantage for space, where you can't use the texturing. 

That may be, then, 

ROSB: We supported it from a concentrator point of view, because you can etch 
those grooves deep, and the way you extract the current out of it at very 
high concentrations is no different from dragging out througt a thin 
layer. The reason we gave it up -- it's still a good orerating cell, 
even up in 8OcO-sun concentration -- the reason we gave it up, is it is a 
large-emitter-area cell and there's limitations on Voc involved in it. 
All I do is bring it up becsuse it doesn*t seem to me like it is a new 
idea, it's something we have supported and given up. 

DYER: Except that here you are putting the metallization down here. 
words, there's no metal contact on the top; there is no shadowing. 

In other 

ROSE: That's right. That is the DUVJ cell. 

DYER: Wall, you still had to have bus-bars come across and collect from that. 

ROSE: No, you run them out the ends. 

DIBR: Wall, I was involved with the V W  concept, and it had this idea in about 
1976 after a contract like that and there are some differences, which I 
guess we can talk about. 
s h I ne1 it&. 

Of course you don't have shadowing and 

RAI-CHOUDHUKY: If this texturizing takes place by theae reaction products, 
rasking the reaction, why does it not work on [Ill]? Can you comment? 
People always have difficulty texturizing. 

DYER: We alroady have the lob-energy face there; you are stuck. 

UARTIN WOLF: I have been requested to prepare a suarmary of this meeting, not 
here, at some later time, and I would like to ask the p:-eseaters of all 
the sessions, not just thin one here, to be so good as to supply me with 
perhapo four to six of their slides or viewgraphs, namely those that they 
think are either the most instrrrctfve or the m s t  impressive- loohits, 
wtrich mlgbt hulp me then to perhaps select one or two from among them to 
use ia iche summary. 
slides or viewgraphs, but i f  you Lould send them to me, the address is in 
the attendees list. I would apprecislte this very much. Thank you. 

So it doesn't have to be here that you get me the 

I 
. f  ! 
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SUHklARY AWD DISCUSSION SESSION 
I i 
4 PRINCE: Anything you want to say? The major problem we have in the Department 

of Energy, as I mentioned the other day, is that we are being squeezed 

we originally thought we were going to have. So the question is, what 
should we be doing in the Department of Energy to improve the efficiency 
of sol.ar cells? We have heard all sorts of different approaches to 
things: modeling of various types, general theoretical analyses, some 
experiaental work that has resulted in moderately high-efficiency cells, 
and so on. We heard also about measurtvrtents of various tgpes that will 
enable us to evaluate what we are getting O G ; ~  of these devices. So, I f 

! thought we would just start off by - well, actually, I don't know where 
to start off. 
session that i headed. I think that's what we all were asked to do, but .i I think I'm going to forego that. 
bother ne: I heard several comments about the importance of the emitter 
region -- and in one talk, that the emitter region has very little effect 
on the efficiency of solar cells. On the other hand, I heard in other 
talks that unless you have very low surface recombination velocity on the 
emitter surface, you're never going to get 20% cells. That's inconsis- 
tent. 
days. 

I 
1 

again. We will not have as much money to spend on each of the areas as 

i i 

4 

Perhaps by explaining what I think I hesrd during the i 
I'll tell you one thing that did 

I've heard a lot of other inconsistencies during the last three 
I'd like to clarify these inconsistencies. 

I 

QUESTION: Hay I comment on that? That's not inconsistent at all. I think 
what you're seeing is, it depends on what the limiting mechanism is i n  
the cell that you're looking at, and it's clear that if you're base 
limited, it really doesn't make any difference whether you passivate the 
surface. If you are emitter-limited, and Augsr isn't large, and band-gap 
narrowing isn't killing, you then emitter is very important. 
it was very healthy, this conference, because I think that realization is 
now getting to a lot of people that simply running an experiment -- 
passivation, not passivation - -  and observing that it did not make any 
difference, doesn't tell you auything. 
you really have to optimize the entire cell and that is &at really is 
important. 

I thought 

As 8 number of people have said, 

I don't +.hink any of those things are inconsistent. 

SCHVUTTKB: I'm challenging. I'd like to see if I can say something without 
getting ir,to trouble. I think the question, as I see it, is: where do we 
g3 from here? In that sense, I think the problem has a couple of dif- 
ferent facets. From my point of view, certainly; I think I have already 
expressed the idea that we need to have a complete understanding of what 
it takes to get to a specified level of efficiency in terms of the best- 
first-principles kinds of things we can do. I think there are people who 
are working on that problem, and I think they are going to give us some 
pretty impressive results in the near future. 
that really matters is the industrial participants in the program doing 
those things that allow their product to be a better product. 
that's really what this entire program is all about. 
view, I have tried to make available to DOE participants, and to people 
who are not participating in DOE programs at this stage of the game, that 
information that we have. I would hope that kind of thing would con- 
tinue; I would hape that the information that we are finding will be 

I think the other thing 

Because 
From that point of 
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used. In t e r n  of the critical issues, I would totally agree that the 
material issue is one that needs to be resolved: how do you get a real- 
world saterial that is good enough to be able to make cells consistently 
that are worthy of the processing we are finding out aboat? 
to be santething done in that area, then maybe it behooves us to think 
about that kind of a question. I think materials questions in general, 
in all photovoltaics, are a major issue. 

If there has 

SIRTL: Do you expect me to say something as a part of the wcapup of we have 
been listening to for several days? It may be a kind of egotistical wish. 
I already mentioned that to make gettering or gettering systems a science, 
he situation now, and the situation in other areas that have nothing to 
do with solar technology, is that so many different companies have their 
"black boxes" of what they call gettering processes. 
like to disclose anything on that. On the other hand, we Deed to make it 
a more consistent technology in later years. 
understood bufgering system that prevents the outbreak of blaming each 
other for being the culprit. The manufacturer of the material, or the 
device maker; if we would have reached some kind of gettering science, we 

of what direct combinations that predominate what recombination centers 
mag look like. 
and my feeling is, that is included in the science of gettering. 

They never would 

We need a kind of well- 

1 would be much better off, and that of course includes a better knowledge 
! 

4 
- 1  tl 

- 1  

We really are at the very beginning of any understanding, 

f 

KOLIWAD: I have three observations. One is in the same line that you talked 
I about, emitter importance. I have this concern about the work in the 

process-related area, process research area, as an example: do we have 
optimum emitter profile? 
doping effects, and the field, as a result of the band gap or the tand- 
gap tailing. 
distribute in ways that are complementary to each other, so we are not 
doing any research at all in tailoring the profiles. 
vation I have, I would again emphasize what Fred mentioned this morning, 
on the contacts - -  the importance of contacts for high efficiency. 
are a couple of areas that I think are in the area of process research, 
if you will, or process technology research, and I think some emphasis 
should be given to those areas. 

It concerns me especially because of the heavy 

Dick comnented this morning that in a static field they 

The second obser- 

There 

LOFERSKI: I guess the thing that struck me particularly was Peter's discus- 
sion. I have heard him sdy this before, that the space cells may have 
been 18%, the stuff that they xrmally make, and of course by changing 
resistivity they would probably have been there. That's a question of 
many different steps and high-quality processing all along the road, I 
guess. Like the gap between what's possible in cells and what exists in 
comercia1 cells for space, I think, is rather smell -- the things that 
are found in the laboratory and up in those space cells. 
so for terrpstrial cells; there is a gap, and I guess what Peter is saying 
is that it's pretty much the same cell, that it's a space-quality cell 
that you are asking for, different resistivity and the higher quality 
material to get beyond the 18%. Like Hark Spitzer was saying: just give 
us better material, and pretty much the same processing that we are using 
to make the 18% cell will get us to 20%. But the big problem is that gap 
between what's demonstrated as possible and what comes out of the manu- 

But that is not 

I 
i 

1 
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facturers. 
good cell and then learn how to make it cheap. 
in the course of the talks say that's not the way to go, but that's 
basically it. 
when they are manufacturing the cells, but for terrestrial application 
it's price -- economics -- that finally get in there. W o w  you saii we 
shouldn't talk economics here, it's high efficiency that we *-e talktns 
about, but there is that gap somehow in coarmunication, perhaps not c-m- 
munication so much as the feeling of the terrestrial people that ~ C U  
cannot make these high--quality cells cheaply. 
that. 

That is an economic problem. Like Hartin says, we'll make a 
I have heard someone else 

For space the price is not what people are warrying about 

I don't know hor~ you cmnge 

QUESTION: I don't feel that way at all, Joe. I think many of us have been in 
the semiconductor iedustry for malry years and we have leariled from exper- 
ience that you do the best you can. 
things well, you push your yields up and you get your cost WRY down, now 
that we have gotten up to this 15%. 16%, 17% range. 

And when you learn how to do those 

LOFBRSKI: I think we have gone through this cycle of Well, it can't be that 
it's that space cell that will be the terrestrial cell." There was the 
business about solar-grade silicon that was going to be a lower-grade 
silicon and not the best silicon there is, and now we have come around to 
"It's got to be this solar-grade silicon for high-quality cells, it's the 
best kind of silicon there is, and it's the best €or processing all along 
the way." It's a question of doing all those things inexpensively or at 
an acceptable price. 

QUESTION: Just a comment. I think everything is going in the right direction, 
and what we are learning in high efficiency is being applied to making 
the cells for the conrmercial market today. Their cost is important, as 
it always will be. 
happens to be at the present time. These things are applicable; we are 
not going to be selling that kind of cell right away. think there is 
one thing perhaps where DOE is a little off, in my opinion, of dead 
center, and that's in specifying efficiency on a module-sized basis. In 
other words, a 15% module requires 18% cells. What is important is the 
efficiency of the cell under glass. 
half a module and you have a 15% module. 
It is not very important to a first approximation whether the module is 
20% bigger or smaller than the average size. 
systems, where everything has to be squeezed together. 
to be in that business for many years in this country because there are 
many other technologies that may dominate that market. 
is the world-wide market for small systems. 
market that we are facing today. For that it's not so important, now; 
whether DOE'S objective is that or not, perhaps, does not make any 
difference to the world market, but for American industry it may have 
some effect. I think we should be realistic and say what's important. 
We need efficiei.t cells. We want to get the most we can. But what is 
more important is the cell efficiency under glass, cell efficiency in the 
module. 
not important, in my opinion, to the world market today. 

You have to compete at $6 a watt or whatever it 

You could make 30% cells and fill up 
But that's not going to do it. 

It may be for central-power 
We are not going 

What is important 
I think that's the real 

We can worry about whether 10% is more crowded or not but thats 

i 

d. 
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DYER: I want to make a connnent on something that someone else brought up in 
this conference about Czochralski vs float-zone. I want to expand on 
that. Czochralski growth is not optimized for solar cells at all and the 
economic question does come into it. Because whoever makes the silicon 
-- and in our case, we make it for our own divisions, our own front ends 
-- has to make it as cheaply as they can, and right now they are asked by 
front ends to make it optimized in several ways. 
to have a very constant resistivity over the whole thing. 
tion laws make it so that you have to, I mean the resistivity changes 
from one end to the other, so they are going to lose something there. It 
would be very nice if you could have one front end want the top part of 
the crystal and another one want another part and so on down to the tail. 
But when one device engineer decides that so-and-so ohm-centimeters is 
right, they all do. So you are putting the manufacturers in that bind. 
Then, in recent years, it has been realized that to have oxygen in the 
crystal is a good thing, and they don't want the oxygen to be measured 
just in one place, but both radially and axially along the crystal. So 
there is another restraint put on again, not by the solar-cell industry 
but by the device industry. No one has ever asked "make us some material 
for solar cells." It seems to me that in addition to all of these other 
requests someone has to sit down with people in the growth and selling of 
Czochralski silicon to see if they can't also do sontething else and pro- 
vide a material that is good €or solar cells. And that could be done, 
but the economic question has to be brought up and addressed. I rest my 
case there, I don't think they have gone as far as they can on it, 
because that isn't the one who is paying the bills. 

They, of course, want 
The segrega- 

QUESTION: I want to take up on Kris Koliwad's comment. Correct me, somebody, 
if I'm wrong. Host of the solar cells that we make, with the exception 
of €loat--zone silicon, seem to be base-limited. Hence, again the emphasis 
on bulk material is so much more urgent than the process. Tailoring of 
the emitter, if you leave the process in the hands of those who have good 
experience in semiconductor processing, not just solar-cell. Ion implant- 
ation diffusion from solid sourc4, liquid dopant, you namc it, more than 
one way. #ore than one way to tailor the emitter profile and I don't 
think we have run out of steam there yet. T think there are problems 
still: in the high-efCiciency area is one, of the starting material -- 
Czochralski, of course, we talked about it; the recombination center in 
Czochralski, especially as a result of heat treatment. One has to address 
it; it is really a materials issue. Hence, how do you get around it so 
that you can apply the knowledge to a cheaper sheet growth process? 

QUESTION: Uaybe I should comment a little bit on the same question. It seems 
to me that there are two bhsic reasons why we live today with this emitter 
profile. The one is that we have not learned really to bring the surface 
recombinaticin velocity to very low values, so that we need what I called, 
in my talk yesterday, the potential step, or in other words a large drift 
field that the profile gives us. It helps to reduce the effect of the 
high surface recombination velocity. The second is just strictly process 
historical. We have learned how to control diffusions, we have learned 
how to do ion implantations. Both leave us with a steep impurity gradient 
in the layer that we generate by this process, so we automatically end up 
with this type of profile just b ,ause of the process we use. Okay, 
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what's the other alternative? Really, it could be alloying, a liquid 
face regrowth; we don*t have those very well under control. 
gas-phase CVD epitaxy. We seem to have problems with that. 
give us different profiles, then we could live with something else. 
haven*t learned as well to use these processes for solar-cell fabrica- 
tion. So to some degree it is historical. Again, if you could make one 
of these other processes work, we would not necessarily -- probably we 
wouldn*t at all -- want such a high surface concentration, and we probably 
would have other means available to control the surface recombination 
velocity better, i f  you don't have such a high surface concentration of 
impurity. So we could move into a quite different technology here, but 
we don*t quite know how to do it. 
ques t ion. 

We have 
That would 

We 

So that's my response to Kris*s 

I have two other things I wanted to mention. I think this meeting has 
shown us very clearly that we really have m v e d  to a new technology level. 
People have made use of modeling, of the the available analytical mea- 
surements, to understand exactly what the devices they are making are 
like, where their limitation are. They have analyzed where the next step 
for improvement has to be. 
in understanding of device physics, modeling, and the analysis of devices 
through measurements, and they have reached this new level of 18% to 19% 
efficiency. It*s 
hot that just one individual that has this capability, and we also see 
that each one has put emphasis a little bit differently in how he got to 
this 18% to 19% level and through the modeling and analysis has seen what 
else, with today's technology, he can do to design this device better, to 
process it a little bit better, so that he probably can get to 20%. 
we have heard a number of people who felt that 20% is essentially just 
around the co 'er. That seems to be the level of today's technology, and 
I think it's a good move ahead from where we were a couple of years ago. 
The question then becomes, what*s the next thing? How c i ~  we get signif- 
icantly beyond that point? 
been hearing hers, that that * 8 not, exactly accomplishable with today, 8 

technology. Again and again we heard that really to get significantly 
beyond, we need better material, and it seems to me, with that, we come 
pretty much to the talks we heard yesterday about what do you do with 
surfaces, what's happening with surfaces. We saw some very impressive 
pictures of what we have learned about how surfaces are reconstructed, 
for instance, and so on. What are the defects in materials, where do 
defects come from in the material? The question then comes, okay, since 
we start to understand what the surfacen are like, we start to understand 
how they reconstruct themselves, how can we foster it, how can we develop 
processes that will give us this desirable type of surface practically 
all the time? It seems to me we have made considerable research progress 
i n  understanding but we haven't yet learned really how to apply it. I 
don't know whether my understanding is right or not, but that's the 
impression I got. So I think this might be perhaps a subject we might 
wrrqt to discuss a little further here. 

They have moved along and made improvements 

And we see that it can be done by quite a few people. 

So 

It looks like, from everything that we have 

I have an answer for Erhard Sirtl. I didn't like his conrments so much; 
let me tell you why. To me, it looks like getterit; is something to 
repair what you didn't do well enough before. So, shouldn't we learn 

1 
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first to do the things as well as we can or better than we do it now? 
And maybe then still do some gettering, but maybe the first emphasis 
should be to reduce the defects in the material rather than afterwar48 
try to repair it; make it right the first time out on the production 
line, and don*t send it to the repair shop before you sell it. 
my conments. Let's see whether we can get some good discussion from 
those. 

Those are 

QU14STION: I always used to say gettering is an act born out of desperation but 
at some time it is necessary, but on the other side, it spoils manufac- 
turing to be sloppy. 
by Larry Dyer and also by Harty. 
used silicon that the IC industry was throwing away. 
the last couple of years, they have become more conscious, and they buy 
Czochralski silicon; and then they heard about float-zone silicon, so 
they all rush out and want the float-zone sklicon, because somebody told 
them that it's a lot better. Shortly before that everybody was hot on 
sheet silicon because you didn't have to slice it; now we cast for the 
kilo silicon and nobody asks about slicing any more. 
of contradictions in that particular field. 
now is come out aggressively and specify the material we would like to 
have and then go after the vendor to develop it. So far, we just take 
what we get. I would like to say we really don't know what your process 
can do, we don't know what float zone can do and we don't know what sheet 
technology can do for us. We have never taken the time to sit down, and 
we have done a lot of modeling, but the hell with it, I'd like to sit 
down with you 5uys and draw ug the specs of the material for a high- 
efficiency cell. 
somebody who is going to make it. 

I would really Like to pick up on the colPment made 
lot too long ago the solar-cell industr: 

Maybe, just over 

So there are a lot 
What I believe we have to do 

You tell me what you want and then we go and find 

QUESTION: Let me now give the answer to Martin Wolf and maybe dwell on some 
inconsistencies in thinking. Let's coarnent briefly on Schwuttke's cm-- 
ment. Presently we have to live in microelectronics exclusively with 
gettering. Whether it's oxide gettering, whether it's internal or in- 
trinsic gettering, wuatever you may call it, we have to live with it 
until somebody comes up with a better understanding to make good and 
cheap Czochralski materials that don't need all that, including the 
device processing. 
reason I so strongly would like to see gettering becoming a science? 
What is the situation we are in right now? On the one hand we are 
striving €or the highest-efficiency cells possible. That's something 
else, that's special research, and we want to give it all the support 
possible . . . we may learn a lot more about the mechanism of a solar 
cell in ,eneral, the mechanism of different device concepts and the 
like. But we mvst never forget that this type of solar cell nearly 
exclusively is made from a material that I would call exotic. 
means that I don't see, in the near future, ways to realize a production 
of some sizeable quantity. That means it's good to have found out how we 
can make high-efficiency cells, but later on we have to learn to live 
with a material that's economically available, and that we can scale up, 
and it's done best in connection with the device maker in a way where I 
think we need gettering. And by 
gettering, I mean it in all senses; i t  means that could include hydrogen 

Let's talk about solar cells now. What has been the 

Exotic 

But that mag not be the only solution. 

490 



I 

' I  

! 
f 

passivation, that may even include some kind of intentional complexing in 
the original material. 
gotten the share of attontion in this meeting that it should have, about 
all the terrestrial approaches to make real cheap solar cells and real 
cheap material, I think we haven't come to a point yet where we can talk 
about the standard final quality of material that may have come out from 
any kind of process. 
improve things here means just a temporary situation, because we have not 
reached maturity in whatever the process m y  look like. In my feeling, 
gettering can be an early solution to improve things at least to a point 
where the efficiency that can be seed as possible by the device maker has 
reached a certain attractiveness already. But we still have this gap 
between high efficiency of space types of solar-cell technology and the 
technology we mostly are talking about, namely for terrestrial applica- 
tion. 
cells attractive and efficient - -  but it cannot be the maximum efficiency 
that we may r6ach during the next five years. 

When we now talk about something that has not 

Developing some special additional treatment to 

That's where we need help to get into shape early to make solar 

QUESTION: The question about gettering. I think that your comparison is not 

surface. One-dimensional, two dimensional-device. Better compared with 
power devices, where current flows through the thickness of t1.e material. 
A solar cell is essentially such a device. When you have a device such 
as that, you can getter but you have to have a material that does not 
have bulk precipitation, something going on in the bulk 8 8  a result of 
gettering, because in my experience, or that of all the people I know in 
the processing area, we never even dream of starting with a bad material 
and getter it and then make a device. The only purpose of gettering is 
to prevent contamina+ion during processing. It's not really an answer. 
Can one take a material that is not so good, and getter-improve it, a:! 
make solar cells? I think the whole area needs to be examined. 

I a better comparison with microelectronics, where all the actio: is on the 

QUESTIOU: I would like to just follow on what Ajeet made a point about. I 
think it's an excellen: point, because if you try to getter something 
within the bulk, it's going to kill you . . . Now, the other choice is 
to go to the surface, whicb is like back-surface damaging, and that is 
going to kill you again because now you are going to raise your surface 
recombination velocity. So it becomes very difficult. And the third 
point is that generally the best gettering is achieved at high temper- 
atures. 
to do it and apply it to solar cells is going to be a slightly difficult 
quest ion. 

All those things stand to hurt aolar cells, so how you are going 

I 

SCWARTZ: I'd like to switch topics for a moment and talk abovrt modeling. I 
think Hartin Wolf r obably said it best, near the end of his session: he 
stood up and said this sounds like a modeling session that we have. The 
one thing that struck me was that there were very few device papers pre- 
sented that didn't either use as a guide, or rely upon as an interpretive 
tool, some sort of a model. There are all levels of sophistication. But 
almost everyone had some sort of a model that they were using, and I was 
very pleased to see this because I think that the device is deceptively 
simple-looking and still very sophisticated. 
model is a design tool, an interpretive tool, seems to be widespread, and 

The realization that the 
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I was very pleased to see that. The current status, I think, of the 
device codes is that they really are very good in spite of all the time I 
spent last night talking about the things that need to be done. In fact, 
one can show large numbers of plots of all kinds over wide ranges of 
operating conditions and over wide design ranges for Lhich the predic- 
tions fall dead on the measurements, within the experimental accuracy of 
the measurements. 
standing job of fitting what's there. 
good job of predicting of what will happen 
experiments are made. The status is really very good. So what does it 
need? There were needs: maybe three dimensions, time - -  actually, time 
is very easy to do, that's a very small extension from where we really 
are. 
directly, but it was implied by a number of questions, and that was the 
codes are only good, useful and easy to use. Therefcre, the output is 
very important, and good graphical output, where you can sit dcwn and 
looh at things very quickly and understand what is going on, is very 
important to the use of modeling. I hove one other comrment: it seems to 
me that there should be larger, wider access to some of the more sophis-. 
ticated codes. At the present time they really aren't widely available 
for people to use, and that's probably something JPL has been looking 
into. That in fact would help a great deal if there were wide access to 
somq of the existing codes. 

The codes are designed to do it, really do an out- 
In fact, they really do a very 

under itranges before th, 

There are some needs, and they were not very well expressed 

QUESTION: Perhaps we could resolve the controversy between Martin Wolf and 

If you fed1 it can profit 
Sirtl if we made the gettering part of th2 wafer manufacturing process. 
You know your material the best of anybody. 
from gettering, you can make a better wafer, include it in the production 
process and maybe get more money for it. 

QUESTION: I think I have to give a better definition of what I understood 
about gettering. It finally, very clearly, should be a help for the 
device maker to get the best quality of his specific device after having 
done, at a fairly late stage of his process, some kind of gettering. I'm 
just speaking for the material supplier because in general, the device 
maker has not had e8 good an understanding of materials problems as the 
materials maker in general. 
there are many device production areas that just have to have a very 
simple recipe available that, of course, needs a lot of exploration 
before we get to that point in terms of gettering science, as I call it. 
Later on it should be particularly a help for the detlice maker to get the 
best device possible. 

So we have to live with a situation that 

SIPTL: If you want to getter wafers downstream in the process it has to be at 
low temperature, unless you know some miraculous way of making tho atoms 
move faster at low temperature. The problem then is to make a junction 
device. How do you getter downstream without disturbing the device? 

WOLF: One thing bothered me a little on Schwuttke's comment, which is Lasic- 
ally a very desirable one, but it's somewhat a chicken-and-the-,egg 
problem. The solar-cell industry is a very small indimtry in comparison 
with t'ie integrated-circuit industry, and probably even the power-devices 
industry. So can we even move the material manufacturers at this point. 
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! QUESTION: I don't think you hav! to move it at the present point, but what 

does prevent you from airting down and drawing up the specs you would 
like to see? That'e the first step, and if we do we will move the guy 
who is going to make it. X L  you have the opecs, maybe you'll find the 
guy who wants to do it. 

SCHMIDT: I would like tu agree, asd perhaps elaborate a little bit on 
Schwartz's comments. I think it is very encouraging khat we Save 
computer codes that are in agreement xn many cases with the performance 
from the terminals of existing devices. 
codes have been very useful for a number of years, in lending the kind of 
understanding that has helped more people drive the efficiency up. 
the other hand, I recall that in 1978 Paul Stella gave a paper at the 
Photovoltaics Conference in which he reported a 16+% An0 cell, which I'm 
fairly sure was an 18% An1 cell. 
point that I am going to make is that we have also heard some talks, 
particularly earlier in this Reaearch Forum, concerning 25% cells, which 
is sort of Uo Man's Land. They are prettg easily designed on Faper and 
with computer codes. 
probably not available to enable those designs to be achieved ii, the 
laboratory. Assuming some good lifetime in the base, there is probably 
something that will creep in when you do some heavy doping things. 
Secondly, I would guess there are probably a large number of ways of 
getting higb-efficiency cells. I'm now going to say maybe 20% in a year 
or two and I think we have to pay a lot of attention to Lhe multituf3 OF 
different ways, because not all of those will be easily cnanufecturable. 
There the device codes are going to come in very handy &s we explore 
different ways, for example, of emitter profilic;, cf ccntacting, and 
other things that will lend themselves to cells of high efficiency that 
can be manufactuccd in large volume as economically as possible. Which 
also brings up the utilization of computer codes for the pxpo3es of 
monitoring the manufacturing process by enabling a tevy sophisticated and 
detailed interpretation of experiments that are gc.ng n in fabrication 
processing, a8 well as those after the celi hac been made. At the same 
time I would agree with Dick that the codes are working very well and 
that we have some physics in there that will predict existine 18% cella, 
I think that there is an awful lot more work that needs to be done in 
fundamental understanding, particularly at the physics aqd of the 
spectrum. I'm not speaking as a software person, but I think Dick's 
cotanent last Fight was that if we can get the physics understood, then 
the software will probably take care of itself, because there are some 
capeble people around doing the software. I'm interested in trying to 
work on some of these fundamental problems, but I think that it's very 
urgent that we think of not just achieving a 20% cell but of acdieving a 
20+% cell in a multitude of differect ways so that we can evolve one r-r 
two or three different ways of manufacturing such cells in large volume 
and fairly inexpenpively, and keeping the production line up with 
appropriate monitorivrg. 
codes than many people think of them. 

That's a real plus, and the 

On 

That was a vcry expensive cell. The 

The -roblem is that the physical parametea are 

So this is a much larger view of the computer 

DAUD: I dues8 Fred touched P. little bit on what I was going to say of going 
beyond 20%, and I wanted to ask a question: if one wanted to go b e y m d  
20%. what does the panel or audience think is th- prime issue? Like do 
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u8 have to go for different design of contacts or different design of the 
cell i r  -If* $0 to plasm on cell or whatever? What would be the coimnents 
of the chairmen, as well as anyone from the audience? 

QUESTION: While everybody is thinking of a goqd answer, I would like to make 
one remark. Of course, I don't actually make any of these cells, so I am 
just an outsider and therefore don't know quite what's going on. But I 
would like to concentrate on the notion ot a defect because that really 
seems to be badly understood. First of all you start with the original 
material. What are the defects in there? You then have processing; 
thermal defects are produced, and then the materials cool dcun and soate 
of these defects are annihilated And others survive and get frozen into 
the material. 
engineers and physicists could really usefully work togcther. 
an area of considerable ignorance. In one of the talks somebody put up 
energy levels, and how they changed with time . . . . It seems to ma 
that if you want to improve these solar cells and get long lifetime: 
get rid of these defects, one really has to be very scientific and 
extremely careful about each of these steps that introduce new defects or 
get rid of others. 
about getrering, because that's also got defects, and how t o  get rid of 
thm. So it seems to me that there we have 6n area m e r e  I feel we are 
at a very early stage and really surprisingly ignorant. 
defects contribute to recombination, and so to understand that, the 
defect really comes first. 
mechanisms. There is a lot of work to be done. 

This whole area seems to be where metallurgists and 
But it is 

.id 

I am now including in my remarks what Pirtl said 

All these 

Then we have to uriderstand the recombination 

QUPSTIOl: You know that for so-called g0c.d cells, that make say 18%, or for 
that matter 15%, 16% cells, we really don't have any technique of deter- 
mining what defects are in t h m .  Nothing we have on hand is sensitive 
enough, absolutely nothing electrically. You can detect only 172, 18% 
cells. Clean as anything, no deep levels of any kind. With the kind of 
techniques we have on hand, we have to find some ?nethods that can deter- 
mine defects in those good cells we are producing now. 
any ideas or anything tSey are working on, f would like to hear about it. 

If anybody has 

S C f i  TTRE: Obviously I agree 100% what was said about the tremendous need of 
such detailed characterization before and after processing, and its finai 
correlation with device performance. And I'm in this field now for 20 
years, and all I have learned is that it is tremendously complex and 
extremely expensive. Aad tnat the instrumentat-ion that has been developed 
over the last 20 years is so extremely sophisticated that it is very 
difficult :or a smaAer laboratory to have access to such instruments- 

1 tlon. Ar,d then, the major problem is to get people interested in working 
in this field, because you cannot get very famous by doing this type of 

4 wock. There is no fast reward, only a lot of sweat and long hours, and 
these guys are tough to find. Nevertheless, I think there are dedicated 
people who are working exactly along these lines and there may not be 
enough around, so maybe we can motivate some mote to assist us in solving 
these extremely complex problems. You know, material science has always 
had the short end of the stick, compared with device science. The money 
is made on the device side, not on the material side. 
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QUBSTIW: I think I would say talking about good-quality silicon, float-zone 
and that sort of thing, you cannot specify anything but electrical stuff, 
you can specify oxygen, carbon, and then what Jo you specify is the dif- 
fusion length, the lifetime, the resistivity uniformity, things that we 
can measure. W o w ,  how come this thing has a 100 microsecond lifetime? I 
want a millisecond lifetime. 
the cause of it, so a crystal grower does not know what to do. 

There is no good way of measuring what's 

QUESTION: Let me respond to that. Usually the crystal grower is not expert 
in those ways to have the ability to guess, out <;f the periodic table, 
these things that will be likely to be in my puller and would be affecting 
his material that way. 
are gettering? If we knew *at we were gettering we could watch out for 
it in the reactors, in the pullers, it seems to me somebody ought to pin 
down what element or elements it is we are gettering. 

Usually he doesn*t know that. Do we know what we 

PRINCE: I'm going to Let our chairman close out our session. 

KACHARE: One thing for sure, all of us hgree that in the last two and half 
days, we learned a lot. I believe that with this High-Efficiency Research 
Forum we are really entering into a new technology. 
also accept the fact that basic material requirements need to be defined. 
Wh6n we say that, I believe that gettering became a major issue also, and 
some element of research is needed there. But if I can summarize that in 
one sentence, basically we need to understand the loss mechanisms - - -  not 
only io the bulk; we also should know what are the defects, what are the 
chemical impurities, what are the dislocations, and also the loss mechan- 
i s m  between silicon surface and metal, silicon surface-passivant inter- 
faces. To understand these loss mechanisms, 1 believe that we have to 
have reliable measurement techniques. I think Lindholm said "let us use 
the effective parameters," but I have a lot of reservation about them 
because efEective parameters may misiead us. So, basically, I am saying 
that to Understand these loss mechanisms we have to t.ave reliable measure 
ment techniques. Cell fabrication research also needs additional efforts, 
whether we should use ion implantation, whether we should use diffusion, 
or whether we should havs shallow junctions, whether we have this kind of 
emitter, whether we should have high or low junction - -  all these issues 
are again for research. Furthermore, I think modeling is very useful and 
I feel that we just started using it. We have a tool now, I believe. 
It's not yet a perfect tool, but at least gives some kind of information. 
We can use it to refine our processing, refine our device design. As of 
today, float-zone material is a research material and not final material 
for our 15% amdule, $9011~~ kind of requirement for DOE goals. 
material is still useful because by using it, it is at least possible to 
make a 20% cell, so we are at least establishing some upper limit o t  a 
prooE-of-concept. Can we bring low-cost sheet materials or any other 
cast material by gettering or by some other techniques to the level of 
;loat-zone? I have serious doubts about that, but at least we know that 
if you have some kind of material of excellent quality, it is possible to 
make 20% cells. I believe that measurement techniques are needed to 
enhance our basic understanding of, for example, heavy doping effects and 
Auger recombination coefficients. 
frog Stanford about the Auger recombination coefficients measurement that 

I think most of us 

But that 

I had a lengthy discussion with Swansod 
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has been made in Germany. 
they are reliable numbers. 
So to understand the heavy dari-3 effects, to understand device perform- 
ance* to understand loss met: isms. we need to have reliable measurement 
techniques. In short, I have ied y best to s-rize two areas for 
obtaining high-efficiency cells: one is from the oraterial end. and one 
from the design and device processing end -- and then bringing the 
material end and the device end together to achieve the 20% solar cell, 
at least in the lab. I think it is possible. 

Ws are using those particular numbers as if 
Many people are now questioning those numbers. 
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On behalf of DOE, SERI,  FSA and the organizing committee, I want to thank 
ell of you. I hope the conference was useful for all of us. 
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